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INTRODUCTION

This document is the final report of the investigation "Active Probing or Spice Plar;nIa,.

During the course of the research period, we concentrated our efforts into the three areas:

I. An Examination of Stochastic Electron Acceleration Mechanisms in the Ionosphere.

Ii. A Study or the Nonequilibrium Dy ramics of the Coupled Magnetosphere-Ionosphere System.

I!1. Laboratory Studies of ActiVe Space Experinvnts

In the remainder or this report, we shall briefly summarize the results associated with each or

the above three research areas.

We also include reprints of nil journal publications which resulted through the auspices tr

this contract. These articles are contained at the end of this report.

D-SCRIPTioN OF RESEARCH

Let us turn now to a discussion or each or the three re, arch areas.

I. Electron Acceleration by Intense EM waves

Throughout the contract period we have studied in detail the theory of the interaction of o.-

ique high-frequency electromagnetic (EM) waves with plasma parti ;les. We have published two

major papers which contain most or the theory we developed, in addition we have also published

two articles in conference proceedings. This analysis is or interest to ionospheric modilica-

tion research which uses the ionosphere as a natural plasma laboratory without walls, to study

high power radiowave propagation and associated non-linear phenomena. The EM fields can be ra-

diated either from the ground or from satellites or rockets. These waves interact with the am-

bient electrons and may accelerate them to high energies. Suitable ground- based high po%%er

facilities aie located at HIPAS-UCLA (Alaska), Arecibo-Cornell (Puerto Rico), and Tromso (Nor-

way). They have produced interesting observations on the propagation of the radiowaves and

the plasma response to them. Experiments from satellites or rockets such as the WISP/liP colThe



cffectiveniess or tbis mechanism is largely dependent on the value of the incident frequenCy.
Calculations or, single particle acceleration show that initially cold electrons can galin I or 2
keY for moderate power levels (1mw/rny. 2) if the wave frequency is chosen equal to the wcond har-
monie of the cyclotron frequency.

The following publications (reprinted herein) have resulted from this aspect of our research.

E. Villalon, loteosphcric Electron A.ccelcratirt by- Short Ilavelen.gih Electrostocle ares
Physics Of Space Plasma, SPI Cer cepce Proceeditigs ivid Reprint Series 2, 317 (1987).

E. Villalon and W.L. Burke, Relaivistic Particl Acceteratit 6b Obliqely'P~r4:E
Featmiagnctic Fields, Phys. Fluids 2Q, (1987).

E. Villalon, Ioneospheric Electron: Accekerairot by, Electronagnec Waves Neanr Reim to/
Plasma Resotin:ces, J. Geophys. Res., 24, 2717 (1989).

11. N'onequillbrim 'Dynamlcs or a Citapltd Nlagntbosphtre-Ionosphere System

'Ale have initiated a new line or resear'ch and published a first article ;n the proceedings of
the TPL conferc,- . (1986). It studied the dynnmics of the interaction of Radiation Belt parti-
cles with electromagntic wk-aves. An important motivation for this line of investis.,tion is the
need to develop an analytical frramework for dynamic Radiation Belt models which can be used t)
support the upcoming CRRES active experiment mission. Based on the ideas of the "Alfven M~aser"
by Bespctlov and Trakhtengerts we have proposed a theoretical scheme for dumping both electrons
ndu protons from the Belts. The mnagnetosphere can be consided as a gigantic maser where "his-
ter and Alfven waves are trapped between the icnospheric mirrors and grow in amplitude as they
cross back and forth across the equatorial regions. We have derived a set of Pequntions based
on the Fokker-Planck theory of pitch-angle diffusion, which describe the evolution in time ul'
the number of particles in the flux tube and the energy density of waves. Trhe renlectiun or1

waves in the ionosphere is very relevant to the efficiency of the Alfven maser. We may use RF
energy to heat the ionosphere at the foot of the flux tube to raise the height integrated con-

ductivity ind improve wave reflection. In addition to external ionospheric perturbations par-

ticle precipitationt also raises ionospheric conductivity. At present we are prepring a longer

article with these ideas which will be submitted to the Journal of Geophysical Research.

We have also focussed our attention on the propagation of ionospheric disturbences during sub-

storms including associated magnetospheric waves. This work has been reported in the following

papers; (which are reported herein).
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P.L. Rothwell, M.D. Silevitch and L.P. Block, i2 J'uhMoiois wid Ih II',M war/ 7Ilk,-'io:
Surge. J. Gcophys Res. IL, 6921 (1986).

W.L. Burke, E. Villalon, P.L. Rothwell and M.H. Silevitch, Some Counjquvw. e of le'klc.
ironr lgtic I've hinetiov jleu Sp-ce Plasmas. TPL - Publication 86-19 (NASA Jet Propul-
sion Lab. California Inst. Tech.) p. 213 (1986).

P.L. Rothwell, M.D. Silevitch, L.P. Block and P. Tnskanen, A ,hdel (if ih l011'alI
Trnvelfng Surge and Ihe Graerwlwc of P2 Pulsoiiti, J. GOophys Res 91, 8613 (1988).

I. Silevitch, P.L. Rothwell and L.P. Block, doglwwxp/wre4ornosphcre Couplhng and SStatini
Dy'anitcs. Physics of Space Pla.tnav SPI Cotfereucie Procreaing., Vol. 7, T! Chang edittr.
Cambridge, MA (1987).

P.L. Rothwell, L.P. Block, M. I. Silevitch and C-0 Falthammar, I New McxeJ for Subform
O 'imt: The Prebreak up wid Triggering Regimes, Geophys Res. Lett. .L1, 1279 (1988).

P.L. Rothwell, L.P. Block, M.. Silvetich, and C-G Failthammar, Sub.torin flreakup tit
Field Lies, Adv. Space Res. . p. (9)137 (1988).

P.L. Rothwell, L.P. Block. M.B. Silevitch and C-G Falthammar, A ANcht Altoel for huroed
Breakup During Substwrms IEEE Trans l'lasma Sci. 17, 150 (1989).

I1. Loboratory Studies of Active Space Experiments

During the past three years we have successfully achieved a large volume, low density

plasma that is suitable for simulations of certain space phenomena in the "Jumbo" chamber at

the Air Force Geophysical Laboratory, lanscom, MA. Much time has been spent in characteiing

the baseline plasma parameters for this plasma.

The plasma can be produced by two techniques. The first technique cons;sts of two large

arrays of hot filament cathodes. This system produced a cylindrical plasma of roughly tI1 in

radius and 1.5 m in length. We have so far achieved the following plasma parameters:

Electron density Ne = 104 " 109 cm 3

Neutron density No 0 l0Il - 6xl01 2cm"3

Electron Temperature Te - I 4 4eV

Ion Temperature Ti a 0.1 4 0.3eV

Magnetic Field B 0 -* 60G
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This plasma has been utilized in preliminary studies of the sheath effects of an electric fied

antcnna which was employed in the ECHO 6 mission and also in the studies of ion b-nIm

propagation across maignetit' fields in the presence of a low density ambient ionospheric plasma.

The second technique consists of the use of an ion thruster to produce a flowing plasma

that i suitable for studying the effects of spacecraft charging and multibotly interaction in

the wake. The parameters of the ion thruster produced plasma are of the following:

ion energy Eb - 100eV at 35mA

ion flow velocity Vb a 2x10 6 cm/s

ion energy spread AEb " 10eV

electron temperature Te a 5 -7eV

Plasma density Ne  109 - 107cm "3

Uniform beam width adp * 40 cm

We have also teamed up with )r. Dave Cook of the Spacecraft Interactions Branch AFGL at

ilanscom MA, and Dr. Maurice Tantz or Radex Inc. MA, to compare our laboratory results with

their numerical simulations. We have also utilized our laboratory at Northeastern University to

study the temporal evolution of the near wake of small objects to provide further electron

transport physics to their simulations. This collaboration has been very fruitful and resulted

in our recent joint publication of the first effort to compare the results of a laboratory

experiment and a numerical simulation that employed the same physical and boundary conditions

for wake studies.

In the first year of the contract, we have successfully achieved a uniform, large volume

plasma for our antenna study. Our experiments on an electric field antenna have yielded

unexpected results. We have found out that the antenna detects a strong enhancement in the

fluctuation spectrum corresponding to the antenna sheath-plasma resonances rather than the

ambient plasma oscillations. As the antenna sheath changes (e.g. as a result of charging during

particle beam injection) the antenna responses to the changes in the sheath plasma resonances

rather than changes in the ambient plasma characteristics caused by the particle beam

inection. Such results may have important consequences to the interpretation or wave data

during active space experiments.

In the second year, we studied the propagation of a neutralized ion beam across a magnetic

field. We have found the following results:

'4



a) The initial beIm energy density should exceed the energy density necesar:, tW t Ull .

Polarized electric field Ep - -vb x 11 where vb is the ion Lwin velocity and II tsh
nmgnetic field strength. This is equivalent to the condition t - I t Wpi* I .- , I

where t is the static dielectric constant or thie be.m in the magnetic field, Op, il
the ion plasm frequency and uei is the ion cyclotron frequency. If the ion beam ii
propagated initially from a field-free region, the condition is stronger i.e. t >

(rei/re)l ] z where mi and me are the ion and electron mass, respectively. This condition
arises from the possible charge separation at the sharp magnetic-field boundiry nid
thus the presence or a longitudinal electric field at the beIm front.

b) The thickness Dp of the polarization charge layers must be much less than the ion lbam

radius rb so that the beim would not lose a considerable fraction or b ai particle, as

it propagates. This is equivalent to the condition or pi/c << rb where Pi is the ion

Larmor radius.

c) The potential at the positive surface of the beam cannot exceed the ion ncclerating

potential. Lindberg has pointed out that if the radius or the beam is too large, the

potential difference across the beam vill exceed the beam energy and the ndiaslic

npproximatioi will be violated. This condition sets an upper-bound on the bam radius

or

pi [I +12
rb <4 Pnvb 2

d) The slowing of the beam in the magnetic field can occur due to the transverse

expansion of the beam in the direction parallel to the magnetic field. This is

equivalent to the condition or £B/rB < t where 1B is the axial distance that the beam

Ias propagated.

We have performed preliminary experiments using an ion beam with energy Eb : 1.2 keV, ion

current or li :s 150 mA and a uniform magnetic field or B < 20G. Experiments have been

performed botlh wilh and without a low density background plasma. In u,r experiments, the

dielectric constant or the vam varied form t - 103 to 5 x 104 which is in the regime olr

marginal propagation (i.e. (mi/me) 1/ 2 
- 270). However, this regime has not been studied

much previously but corresponds to the active space experimental conditions where very

high energy ion beams, thus very low beam density, are expected to be nred. The present

5



experiment can also contribute t, our underitanding of using low energy ion beams f. r
active space environmental controls e.g. discharging of spacecraft.

In our experiments, conditions (a) through (b) are satisfied initially so that we
expected the beam to propapte across the transverse magnetic field to the end of the

chamber. However, at the highest lbem current (e.g. lb - 120 mA) we have only measured a

polarization electric field or the order of I Ep 1  s 0.005 V/cm which is much l as than the

theoretical valu-, of II S IV/cm. We believe the slowin& of the ion beam comes rrom the

following reasons:

(i) The magnetic field I.nes -were terminated at both ends with conducting ,,lls u:h

that the ion beam %%-as depolarized by current flow to both ends. We will instill two

insulated boundaries for a prorr termination of the mngnekic field lines.

(iR) Although we have performed experiments under background neutral pressure as low as

2 x 10 torr, the condition of vi/oc; << 1, where vi is the ion-neutral collision

frequency, is not well satisfied as a result of the low magnetic field flature of
this experiment. This is beca , conditions (a) through (d) are derived based on

the guiding center approximatior, which assumes that the collision frequencies of

particles are much less than their cyclotron f rcquentcies. In the p~resent
expriment, the charge exchange frequency is the order or 1o3 4 104 liz which makes

vi/oci the order of one. Ilowever, the charge exchange collision cross-section

decreases rapidly' with ion beam energy and this condition would be satisfied at thle
proposed Ej > IOKeV experiments.

(iii) The divergence angle of the present ion beam source is quite large (0 > 5c) so that

condition (a) is marginal at large distances from thle beam. As the beam expands,
the beam density decreases rapidly while the magnetic field strength remains

constant thus, c decrea-s as upi

In the third year, we have begun to setup a flowing plasma which is suitable to simulate

wake or large and small spacecrafts. We have compared laboratory results with numeriel

simulations using realistic boundary conditions to understand the ion trajectiries in the wake

or a negatively biased small object. The results are detailed in the following publications

(which are reprinted herein).

6
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The Dynamics of Charged Particles in the Near Wake
of a Very Negatively Charged Body-Laboratoiy

Experiment and Numerical Simulation
M. ALVIN MORGAN. CHUNG CHAN, ss:m'oR mEmotUit, Iii, DAVID L. COOKE.

AN4D MAURICE F. TAUTZ

Abrati-A swmwrkall IAw-olutka that hs cyIlmdrkal In c*oftoralleN been much attention given to corroborating numerical
"w~e a"d 3. (e.., #,, to,) In tl(ity spect bot b"0 InlaedtoI" simulation results with laboratory finldings. A key eason

Mafr the sper-'ale dysteemkt Po v ery mtlrely Charged $HY bedban oeasuac
Tbg ANOINN pa4 att 'AMe C$eWly Okbed 10 Ibo ..f 0 6bW* for wanting to do this would bet bisocasunc
wy rintriA I* that low resolis may be cojF ahwiy Itva that at numerical model can Indeed provide results that arm

1"We ftem The leabry U04d thot the .lectro" 014;0 Ioem dasplay realistic: one could actually test the code with some known
dAlalt ioip"r frotose In th ~.aohe e ae a hithey parsmcers and compare the results. Conversely, if the
be* coo be Ueo"A Inathe very aee-woke regilo (eithle m b" f model's efficacy is estiblishcd, then one might want to
@nowf) of DbOjct wisth a hIghY 0gaul't body petwial. We ko see how welt the laboratory results conform to the model.
A"a fomed shat Ike 140partr 44 the 0"14ua IN the very near wak
could be oamubma coldler then the ambien v.'eme, seol isk h p"- This paper is an update of our ongoing effon to under-
uthlly afterift "haahowo6l aperlvetbehre. stand the dynamics of charged particles in the near wake

The "lolselee moalls to date largerly corroborate the &*skty 111"- or a very negatively charged body. In previous publica.
1la Wolene af Ot presac o m Ornbaemn farW~ beW h IOMt ad #k tions, we reported on the temporal c~olucion of electron
frmeoW n s calloo. reiTed k e I * lb" helmns-te ldolo *"RIaO2. and ion streams within one body radius in the wake or a
&mpomea, asorce 14c'ron dlirloln I* the ,AMOW0afln d a No metallic disc placed in a flowing plasma IGI; and on the
dentood% feirb mtmIma sby the diallaak probe kef variability or the electron tcnqr.efrature in the same region

athe itsperhmeat-con be aehietd. Thks It as oaglloal pfrct 114 depending on the chAracteristics or the surrounding plasma
msut fromn boh the laboatory itspetkolma o" the morkal simemla. (7). Here, we briefly review these recent And entirely un-
ISM wAIlN be Presente, 6ad A mo4d that acasmdt hreadai anticipated findings, present some results from a steady-

"IN e Aks~d.state numerical simulation (that, incorporated much or the
I INTRODUCTION experimental parameters, including the finite boundary

rrHE need to further understand the plssma environ- and the wall potential) which corroborate the steady-stale,
T m rent surrounding spacecrafts hW been recognized ror electron, :tnd inn density findings, and propose a model
sometime now. With the resumption of shuttle flights into that links these results together. Thc organization of the
near-carth orbit, and the wide variety of experiments that subsequent MAteCal is as fallows: Setion 11 contains a
are to be carried out in its wake or within that or the brief description or thc, experimental configu~ration and thc
planned space station, it is becoming imperative that this experimental results. Sction III describes in short order
information be acquired. Hester and Sonin [3Q. Samir et the numicrical model and technique that were used to -arty
eal. 121. and Stor~e (3) are foremost among those who have out a computer simulation or the experiniemal szenario.
reported on experiments that seek to relate laboratory rhe simulation results achieved to date arc also presented.
wake phenomena to the space environment. Others, in- A discussion of the laboratory and simulation results then
eluding Martin (4) and Parker [5) have sought to gain follow, in the closing Section IV.
somic insight into the physics of plasma wakes by mneans If EXPIME~FNTAL Co-OtJ.GUATIO0N AND RISLTS
of numerical simulation. To date, however, there has not Ouepeintwreefomdnaplsdlsm

Manuascript received August 27. 1918; revised January 23. 1989. The stream that was produced ir the modified double plasma
work of M.A. Morgan and C. Chean was partiy supponcd by NASA ufl' device shown in Fig. 1. The object used was a thin (thick-
der Ormni no. NAGW 1572 and by the Air Force Geophysics L.aboratory ns ~ m lmnmds frdu .5c.I
uinder Contract no. FI9621-1S-K-00S3. es<05c)auimdscordusa32c.h

Mi. A. Morgan and C. Chan art with the Center for Elcctromalinctics was suspended in the middle of the stream 5.0 cm from
Research. Depmrtment or Electrical and Computer Engirneering. North' the plasma entrance into the target chamber. Readers are
eastern University. 235 Forsyth Bldg, Boston, MA 02115.reee

D. L Cooke Is with the Air Force Gtophysiz* Lboratory. Space PIhys. reerd to previous publications for details on the expecr-
kas Division. Spacecraft Interactions Brancht. Hanscom Air Force Base. imental set-up and diagnostics 16), and on the specifics of
Beford, MA 01731. the generated plasma 171 For the particle density studies.

M.F. Tautz is with Radext. Inc.. 192 Log Hill Road. Carlisle. MA thtyiaoprtng aameswr:Plmaouc
IEEE Log Number 8927086. density no = 109 cm-; average plasma stream (target)

0093,.38I3I89I040.0220S01.00 @c 1989 IEEE
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rounding an obect are 1) the Vlasov equations ror both Generally, all of the above information cannot he :.itd
ions and electrons which provide the local valuzs of both ily known and some assumptions must be made. For
specks, and 2) Poisson's equation, which govrns the boundary condition 4, for example, it was assumed that
electric potentisl. Since the thermal velocity of the elec- the object surface is perfectly conducting to incident ions
trons (v#, & 104 cm/s) significantly exceecds the plasma- and secondary emission was Ignored:-. f(R, vR > 0) was
streaming velocity, which is on the order of the ion- therefore set to zero. f(oa, V). on the other hand. was
acoutic velocity (i.e., v ,, 2cg - (5) l05 cm/s, where specified to be a drifting Maxwcllian, given by
c, - ion-acoustic velocity). it ii therefore usual to con- -
sider the electrons to be In thermal equilibe.um and to have (. -rA ')- ( .
a Maxwell-Boltzmann energy distribution so that Fi - 2AT'-r

T,) whre v, is the plasma flow velocity.
The boundary potential was so at - I KT,, which

i Iroughly corresponded to the actual experimental chain.
exp e4(x. t) - M re1 1, ( I ) ber-wall sheath valut and the object body potential was

I ' I J Set t a steady-state value of -20 V.
where n- initial stream electron density, a-d v , dcec- The actual solution technique U*Ci was the "insidc
whn re l velocity. out" method 1I1. Particles were followed from a point

The local elctosity iwithin the wake, then back outside into the ambient
The local elctron density is then g~iven by plasma in a time-independent fashion. With no time dc-

n,(X, n) arcxp I(4(x. I /KT,)J. (2) pendencythedistribution funitlonalongthe parkletrucks

The ion-encwgy distribution cannot be as easily spci- is constrained to be whatever It is specified to be in the

fted. for there is no ready form in which the ion density source region. thus altofdlinS a means of solving Vlasov's
can be expred. The lcal ion density Is thus epressed equation to obtain particle densities. The program used
as wan the Mcsothermal Auroral CHarging (MACH) pio-

gram. it Is an adaptation %fTDWAKE, a program origi-nally developed for the National Aeronautics and Spice
n, - J d (3) Administration (NASA). Currently in the possession of

the Space Physics Division of the U.S. Air Force GOo.
wheref is to be determined, physis L.aboratory, MACH was developed in part to

Substituting () and (3) into Poisson's equation, one slujy the shath structures surrounding lart bodi e in
sets space. It is 2-D (R, Z) in configuration space and 3-D

(v,, v0 ) in velocity space.
dv' (4) Co~mputations were carried out in a cylindrical meshV2+ - 41( no exp (e*KT,) - c dv (4) cetered on the object, and the Vlasov and Poisson equa-

tionis were solved to produce electron density, ion den-

which is solved along with the Vlasov equation for ions, slty, total density, and electric potential at each iteration

node point. The machire on which the program was ex-
+ V + -- V+ • VJ VA 0. (5) ecuted was a RIDGE-32 supermini computer.

1M4 The steady-state re,;ults for the electron and Ion density.
It is then necessaf, to solve (4) and (5), subject to the as obWained by inputting the parameters for the A < 1.0
appopriat boundary conditions. to get self-consistent regime of the experimental study and iterating in a cylin-
values for n,, d n and it. drical space scaled to the dimensions of the plasma chain-
In eneral, four bouaio bns a required to o- her, arm shown in Figs. 7 and 8, respectively. Corre-

taIn a solution. These ary s follows: sponding plots from data taken at 500 ps (the longest time
for which experimental data was available, and which is

I) The potential on the body; i.e., 4(R) = ,I,, where essentially steady state in the experinsnt) ar shown in
R - body radius, and 4, - surface potential. Figs. 9 and 10. It is clearly seen in the experimental re-

2) The potential far away front tie object, usually ex- suits that it density enhancement occurs in the wake region
pressed a- +(cc, t), but necessarily the boundary of both species; in addition, the location at which this is
potential in a bounded plasma. true is roughly equivalent, for it occurs between Z/Ro -

3) The distribution function for ions, far away fron the 0.6 -, 1.2 for the electrons, and between Z/RO - 0.5 -"
objectf( oo, it); also, it is just the distribution func- 1.0 for the ions. In the simulation results, sonic density
tion for ions at the edge in a bounded plasma. enhancement is also seen in the wake region. The location

4) The distribution that describes the charged ions at which this occurs. t.3wever. is a little further down-
ieaving the surface of the %,bject-j;(R. vR - 0), StseuW- fauna thP U Of ilL" e" iifTafiaicbtiib. idZ/i =
where vt = velocity of the cmitted on at the bound- 1.6 - 2.1 for ions and Z/Ru - 1.7 - 2.1 for clecmtrns.
ary of the object; i.e., at the body radius R. It is noted too that in the electron profiles of Fig. 7 (here

15
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explanation could lie in the fact that actual number den- of the Langmulr probe that was used to make t)--- density
aities were calculated , the simulation, while current measurements. This is due to the fact that thc trajectories
density was the actual qaantity measured in the experi- of the particles that give rise to it would have impacted
menus. directly onto the backside of the probe which was covered

A different perspective of the information in Figs. 7 and with an insulating ceramic coating. This does serve to il-
8 is shown in Figs. I I and 12. These figures essentially tutrate very nicely, however, how numerical simulations
show the 2-D density contours of the electrons and ions, can direct experimental work, for the presence of such

* respectively; in both, the density-enhancement regions impinging ions will certainly be allowed for and possibly
(indicated by an arrow) can be clearly seen. The unnum- be detected in subsequent laboratory investigations.
bered contours to the left of Z/R 0 - 0.5 are indicative of
iou impinging direbtly onto the backside of,the object IV. DISCUSSION OF LABORATORY AND SIM~ULATION
and creatin~, a region of significani dcn~iiy aflhtiaceaiii RpSULTS
in the process. Such a feature could not be observed in Although the experimental ion and electron current
the experimental results because of the single-sided nature deasity profiles are similar in their essential features to
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the numrerical protiles, there is a significant dilfercnicc in streamn-i.c., when .4 < l.0-ion trajectories; will not (of.
their miagnitudes. To begin with. thle experimental data low ballistic paths, and as seen in CEigi,. 1-6. 9. and 10-
tftows a much larger electron current density enhance- ions do enter into tile ncar-wake rqcieat.5 Such conditi ons
ment ini the wake when compared to the elect ron-dcnsity could arise front ilha charging of a spicecraft during the
enhancement seen in% the numecrical data. This might be emission at a chargcd-particlc beam or-during an aurorat
explained by tile fact that: a) Electron current density was event.
the quantity nwtasured Ii the experiment. whilec the actual The results indi~ct that it an A < 1.0 Scenario sud.
electron number density was calculated in the simulation. denly comecs about. ions will bc attracted tO thle object.
As SOOb. th'n thc velocity of tile wake elcetrons could and under the influcnice of thea Surrounding charge sheath,
play g role in the observed dillcrences in magnitude, b) which Initially is latrgc in extent (on thle order of thc object
theme could also be Some secondary electron emission fromt radius prior to thea arrival of thia main bulk jlasrnai. will
the backside or the disc, which is being Impacted by ions. follow a curved trajectory into thle region behind thle ob.
These electrons would contribute additionally to tile en- ject. This focusing action is enhanced by the Nt.~ th.it thle
hancellicit or thc wake cielcrn current density as Inca- Sheath contracts as thle plasma density increases it the ob.
surcd Ii thle laboratory- Since Necondary emission was not ject kceation (the fitsil Debyc length is :50.33 emns Ii our
considered In the numerical simulation. this added en- expesiriet), for lte contracting sheath serves to pull tons
hancenicent efeet would therefore not be a factor in thle even closer to the object. Indeed. it Is ser front the stat.
Simulation results: c) another matter that could have sonic ulation data that sonic ion trajectornes impinge directly
bearing on thea observed ditfremices; is that the physical rwito the backside of the object. even it a steady state.
p~resencee of aI probe in thea wake region of an abject will The excess positive space charge generated by the
influce to somec extent lte very parameiters which thle buildup of ions just behind the object-clcarly ,ecn tit Fig,
probe seeks to measure. Pecturbations of this type are par 12-Subsequently scr~c to attract more elctronas to thea
ticularly noteworthy in these expecrillenrts, for tile pht)sics irma This is supported by (the experaiental dlata, in Figs.
or Langinuir probes in lte wake of a larger object is cur 2 and 3. As was pointed out in Section 11. not only do thle
rent~y not well tanderstoWd. ro illustrate, it is noted that ions move into thea wake region before thle electrons, but
the wake or thle probe could conceivably interact with the the electron density is at .3 maximun, at a later time thin
wake of thle disc In such -I manner that somec of thea ob- the correponding ltme for thea ions. it is this mechanismn
Served difference 5ctwcen lte experiment, slnd Simulation that is thought to bring Amb.u a ~le-la~nbctdc
data might be attributed to thle perturbing influence of the tmin temperiture in the near-Yake region.
probe We are currently engiged in studying how such of course, lte eleotns a ~n never directly Impact the
effects could potentially arise by comparing thle obtiined object, as the ions easily can, unless they poshess energy
14' characteristic of a Utagnoir prube that is ph~sically suflicicnt to Oo'ecue thle Object's potential harrier. It %;.n
immersed Ii a plasum (.wipported oin a conducting probe be expected that (the electrons will be ultmintely reflected
shaft) with those obtained tront nuincricr! ,inittlations of at the point where thc potential barnes cequal) their kinetic
a pnibe-like object ilia, is biased it var)ing potentials ito energy. r-or in elctron population that I,, pcrfc.ty Blit.
collect electron current i lte waike 0 a larger object. It mann in distribution. tile I K7 ' potential cotuir will be
is hloped that along Wilit thle wall effects, which have also roughly the closest that electruni can he expected it) ar-
been Included in thea simulation parameters. wec will im~c eProach lte object. Foir in clct.ron distribution thatl has a
:at a [letter uniderstanding or laboratory wake dynamics in hot tail wonponient. .,-; %as (the uase In lte c.%perncntN. it
thle presence of diagnostic probes. might be expected that eletrns would approatch e~cn

*f'he picture that emearges fronm lte experimental and closer to thle -ohje.t Withi ectron denis on the order
simulation data thien., regarding the dyrintics of electr-ons of lti' cm, ".the Deb)e length was -0.3 cat. wthich core
atnd ions iii tile near wake, is a sontewh:at more invouhed rcspondcd tita lo~ion ofZI? ft 0. 1 -It would therefore
process thtan that depicted in what ltas becomei tle Ntan sccnu P'INible 1--t & lciaton, to .ppro.idt to within Z 1R,, e,
dard view of tie itear-wake erivirmneut. From that pcor I (1, cscn in steady slawt. and that both ions and ec~trs'ns
specive, ions follow strairght line or *'billimtic- trijec would be present in the: icar wake. Thc mcsd% -stalte re.
tories in going past an object Itmersed in a colhmsionless suts swen to indui.atc Owai t) be (ruhe
plasma~ flow and cross tlia geimtmtric axis oif the object
somtewhere in tle mtid- to rur-wvake region. Tite near wake At hm i3.t
(tile regiomn in lte imtmediate vicinity of tite object and
exteniding out to roughly ZIR,, <- 4 ) is thought to be ion Thle atltior %wiuld likc to .zkmowkcdgc ti tincitributiin
rree IlThesc tire lte underlying msumtptions Iit the works or P~rof L' Sanair. whtmi .~et~n providtcl ml~aiK i
orfseverii auithors, including Trayloir 191, Martin I I01. Ko impetus rtir tli,% wrk, Dr W Nuike'. fior hIn --uppon aind
memann I I11. aind Stone 1121. encourageent t ifi r. endeavor. and [)r. K. W\right tor

One dillicultv witht this standard viewnoint is tile f.,,i sume helpful da111a~.hmn'a.' v'u e "t-u!d i
that rorplasma-flow rcgimies in whicht tite potential ;:.. ig) like its thank J. Gcnesmah .ind Ri Allen fin theit ti:4ltmial
of te object exceeds the kintic flow energy of tile plasmna assisman~x in %.arrying iUl it experimtents.
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plasm kinctic simulationt. lufimaids *00tam.

Cis. and time travel,

Slarke F. Tatt was born in Victoria. tIC.
I. Catada. on Oab*ct 29. 19J 1. tic reeived the

M. Alvin Morsam was born on Mr~tstrrat. In the "'. Se and I -. akgeec (ruim the Unlyilay of
British Weit ladies. on May 19. 1956. lIe re- Victoria it. OW6 swat 1968. ictripeetly lIc 0b.
cIvC4 the 3.S.E.1 sad M.S.E.E degrees frown tained the Ph.D. aiegrec from Ncrthestemi Uni.
Northeastern University. Boston. MA. If' 1954 and rersity. Boston. in 1976. in the fic!.) of elemn
1911. resptcttsctly. lic as currently a Research As- taty pmnickc physics,Istant to the Department or Electrical sad Corn. tic worked for a few years st a l'osstdoctswa
Fuater Eaguncrngt at Noaiheasmem. where he Is Fellow at Nonliamcni. ont physic% ciperinat
%ortial towards the Ph.D. degree Ifis reserch Watn carried uat at Fcrmilab. Since then, he has
Interests are (An cotlitionicts plamu dynamics. di- beta at the Air Force Geophysics 1.3horswoay.
$AnostICS &i and stt' in groeral. and w-31e *here hit ain catcmh wttwst is in cotmputer simulations or spaeccrift
phenomena In particular. chasrging problms,
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A. tor&an. Chun Chan And P.yna C. Allen

Center for CleCtro5AgnOtIcX ROeeArchi and
Dbpariment of Electriral And Coupurar ongioo.'ring.

ItothlAstern Itntvergirv

Ms.The temporal evolurion of the soAe WVd pAVriC1V IUiieArfiOD. Vtlfuivih PC
electron energy distributlon In the tear al, 11961 An isrovich and ,4#shd hehIn
Wake of a conducLing object hlis been 1llb offer rye other possiblo th-orl s
studicd experlinvnAlly. using A pulsed for @tancesd electron temptraruro In the
plas#A screAu. Va have found hat near vwake Tit- first Is Assectroid vi'h rtse
deponding on the electron enr& dlAtri- Ox-.ar'*ien Of V11 Ambient plasa InWo file
butlon of the iRCIdtint p1IAA Zrffmr And On void of the near vAke, AnJ the fr9ulrtnIw
tho extent to vhich the Ion flow eonrgy is u'oclhri'am el rone that can
greater or lover than the potentil energy *ntrrIlI.irQ to the hearing of the vahk
of the object. the olectcon Pv-- raturo mA., vlw roan, A racoot r'zmerIcil situlAtort
be hatter or colder than the Wmbient vawue 1Y Sing~h at Al 119071 Indicates 00 this

In the region, IN I41ed A poAAible Ch.nAls for electron
heating. Tht A&!Qn4 ;hfoly paertolAren that

Introduction jump dlsuontitntirteA exist in the plasma
parameters In %V. vAk! region 4nd this

The issue of uharhar or nor the electron svrves to excite Iwn m.oustic VwAyq. A# the

teaptrAture li t e near vake of A Conduct. damping of those waves occur through lAndAo
ng body is hotter or colder than the Absorption by t4 electrons, An ea nso."nt

ambient value has been the concern of In the 9lectron teVperAtu(0 In Chat r on.
several Authors over the past fev year:. Is again suggested. 1lovoer, th. Cie ct rla
The Cenini/Agona satellite dato reported by a colder electron temperACUrO Is observed
Medved (1969|. WAS among the first to in tit ,ear vAka of the STS.) shuttle

provide evidence of An enhanced eletron mission for txAMple. to not predicted by

Cemperature in 1.1t near yakl Subsequently. either theory.

sanir And V:enn (972) reported A tep- In this lotter, ye provide laboratory

ersture etn1hancemettt of 50- lO1 frem their results vhich shoe that thea electron teap.
analysis o f tlt Explorer 31 data. Since tho 0rturN In the near Wake can be oither
advent of tih spAce shuttle. tih electron colder or hottor thant the Ambient value. V#
temperature Issue has become les Cear. have found that key Influencing (actors it

Siskind et Al, 1193411 and Ait; et Al. the nituro of tho electron distr butlo- in
11911). report no temperature onhancement thA plasma stream Ond A diml-*lonleAs varl,

In the near wake of tie shuttle, Sisk~nd able A • which Is defined as the rAtio of
1199%1 In fact mentions that from cheir tho Ion flou energy to Cte magnitudo of tilt

analysis, teio electron temperature actually negaici't body potential netrgy. i-Nan A )
decreased In the wake of tha Space shuttle LO. only cite tail population of the bulk
Orbiter by rlmost 2000

0 K from the Cl bient electron distribution can penot .ate into

value. On the contrary. Murphy at al. the near Wake. For a bulk electron diutri-

119161 report measurtng a factor of A-- 5 button with a relatively onergetic tall,

Increase in electron temperature. in a the Wake electron temperature would appear

different experlaent. In the wake of the hotter - by a factor of two lit otr
Same STS.3 shuttle mission. experiment for example, than the ambient

The issue is equally controversial in value. On the other hand. for A c 1.0 t

laboratory investigations. Incriligator and WaS found thAC a significant nu.ber of cold

Steele (198S1 report no enhancement in electrons - which probably entered via the

their experiment using a very high energy ion Space charge electric field., ar
(- IKeV) plasma streaj; while liano and present in the near wake: and the electron
Storey 11974). Orar. et 41. (19151 and temperature in the region can be even
Shuvalov (1980). round an enhanced electron colder than Cho ambient value

temperature in the wake using a much lover
energy plasma scream. Samir et al. (1986). Experimental Considerations
and others, have speculated that the Our ruperiments were carried out In a
electrons could be energi:ed in the modified double plasma device. which has
negative potential sheath of the wake by been described in a previous publication

(Chan at al.. 1986). The body used was a
Copyright 1987 by the American Ceophysi al Union. thin (thickness < 0.5cm) aluminium disc,

with radius R0 = 3.25cm. which was
suspended in the middle of the icream.

Paper number 7L6639D 5.Oa from the plasma entrance into the
0094-4276/87/007L.6639$03.00 target chamber.

The Uh. Government Is ahortzed to reproduCe and sell this epolt.

Permiluon for further reproduction by others must be obtained from

tne copyright owner.
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1*A A>1.o 100 rl Expcrimental Results

1.0 he electron density profile obtained by
s~or scanning; transverse to the plasma flow. at

,3.gcas (Z/It o - 0.9) behind the dlsc. is
seen in rigzre la for the A > 1.0 regla.
and in Figure lb for A C 1.0, Compared to/ thQ ambient density in r Cire 1&. the V4ke

0.4 Is A ZilattvE void, Contfratingly. a
density tnhancoaent in Cht vA00 of rigure/0. lb Is clearly avidtent

in Differe ces In density are also aPPAitc
0.0 f(or the tb.t clat periodo shown in Figure

14 1 IS 32 2 And Figure 3, vheor the electron enerLy

SC3a Ostict C) dtseribution for the A > 1.0 and A < 1.0

regimes respectIvely. are indicated on
semt-log plots. It to roed also from the

S0 to loops profiles in Figure 2 and Figure 3, that
* - '~ . While the Ambient tesporaturt As clearly
1.0 colder tin that Of the vake region in the

tO 'I,| ' A > 1.0 regime. the converse Is true for A
O. < 1. . Indqtd In Figure 3 it Is seen that

the wake profile displays A somewhat colder
4 ocharacteristtc than th axbient profile.

Ue hAv, found that in both re tis, the
0.4 electron energy distributions consist of a

0.0 A t II

0 7 14 21 2

igl, 1. (a) A o 1.0; Transverse electron current
density profile at lOOps and 3 0c (Z/o - 0.9) 0 Al
behind disc. (b) A < 1.0; Transverse electron Z.

current donsity profilo at l0Os ard 3.0cm.
(2/is - 0,9) bohind disc.
I Energy Analy:er rtobe location for ambient data
I ZEtrgy Analy:er Probe location for wake data 13 .

Wie have found that tho hear vake
electron tempoerturt can etchor be hotrer
or colder chat the amblent value, depending
on the variablb A. Two different plasma
regimes were studied. Typical parameters lei
for the f ractregire uore: Source density

0 c). 0 Tart density (,) w
S O'ca ; Ion flou velocity u0) = 3 - 5cs .  wa
where c5 is th ton acoustic velocity.
Debye lenxt)- (XD) = 0.33cm. The steady . . .... ., .
satn V' , potential of the body 4OWAK M . • 5A - 2.0 - I, U. lt: Ol

I- the &,cond rerime, the ion flow 13'.
velocity uas reduced to I - 2ca. Source and
target densities wore about the same as the $
first regime, but #a was w -25Y. The major
difference here vat that A decreased to
0.45 - 0.52 or A < 1.0. . t -

Tite electron distribution function Z
measurements wore made with an electro. j
static energy analyzer of radius < 0.5cm. ..
The front grid was biased at slightly above .. ....

the local plasma potential of 1.0- 2.OV, 1.. -:3 -S e 5 IS
to ensure that it was nor seen as a barrier t Yait {stil
to the ambient electrons; and it also
ensured that the swept voltage on the Fig. 2. A > 1.0; Energy Analyzer Probe trc es c!
discriminator did not penetrate into the ambient and Wake data at 3.0cm (Z/Ro - 0.9), and
plasma, time a) 500ps: b) lO0s; c) 70ps.
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1 | TA10 I WTYiu O.f M 1..it aq.4 Vak, j(4.1l*4....

fill Mot VIIleEI at IE.44t1ign aN 11*4 Witali, I" rla're I

a mbIont Larti-- VI LA'4116ft

T1140 IlkIp Till 1 i4i1Tf f Temp TIlo Temp
a W kI fps) (hlI lovs (41Y) I#1)

U~ 1)ii M1413 I

;~w  1W I'l 141 1

the other hand, the vike electron distri-
. . . button for the A < 1.0 regimo consisEts of A

* *hI 1s colder bulk electron populAtion at T( = &.V
aN veill A taill population, ,hlch in on

S,~Avera&e hotter at approxiately 9eV. It is
noted from Figure 3 also, that the ambient

,-. -will plasma iS fairly MAxvellian - i.e a
12 1, smright line on the somilog plot, with T

10 - 13eV And no distinct Cail populationi
|+ ;resont. A listing of the particular

eloctron temperatures As obtained from
Analy:in8 the slopes of the distributions
in Figure 2 And Figure 3 is presented in
Tables 1 and 2 respectively.

Discussion

mile As the major differenco betveen cthe
regimes A > 1.0 and A < 1.0 is that the ion
trajectory is Amost b tliicic In passing
by the object in the for aer ease ville

this Is not true In the lattot Instance,
_ ,our experimental results suggest the

following hypothesis tor the electron
behaviour. And the resulting temperature

dl -*t * - C -S IS In the near wake. In tle A C 1.0 instance.,
Soth; WVL( tt41 the ions ate attracted Into che near wake

of the body as a result of the high
Fig. 3 A < 10; Energy Analy:or Probe traces of negative body potential of the object And
-bent And yake data at 3.0cm (Z/Ro - 0.9) and the relatively low flow energy. They in

time A) 500ps; b) lO0zs; c) 7 0,B. turn, attract in the relative cold ambient
electrons via their space charge electric
field. Tile not effect Is that a

Xaxvellian bulk electron population at the significant enhancement in ion and electron
plasma potential and another pnpulAtIon of density occurs in the near wake. with the
hotcer tail electrons. This tail electron cold ambient electrons being transferred to
population originates from three probable the wake, evidenced by the cold bulk
sources. These are. l)the svitching process electron population vith T'= 6eV, that va
at the grids lChar at &1., 1986); observed. This is much colder than the
2)d4&radd primary electrons from the hot nabient value. In fact, the ambient
filaments; And 3)ot.er heating process temperature nov depleted of It's cold
associated vith the fioving plasma, population, can be expected to be hotter

For A > 1.0, the ambient temperature Te than usual, and it does display a hotter
around the plasma potential is approx- temperature of To Z 10eV. When A > 1.0, the
imately 4eV and the tail population is floating potential of the oLject is small
hotter at 10eV. The rake temperature in in comparison with the kinetic energy of
the sane regime hoever is clearly the tons. implying that the ions .re noc as
different, with a value of Ta f, lOoV at the strongly attracted into the near vwke.
plasma potential and no obvious tail. On Since the ion trajectory is essentially

ballistic, one vould expect only energetic
Tb1 I Suamary o Aablent &4 VAW* I.3perature tail electrons which can overcome the
vama. at locatlen a&J tilms itndcated In rlgure 2 sheath electric field, to get into the

Ablnt Locatln Wiii Location wake, and the temperature there should be
on the order of thar for the ambient tail.Ia# ulk Tamp Tail loop Sulk loop Tail loopti.6 (ay) (Tve Tl ( pv) The data seems to support these expect-
ations.

O . e- . The results therefore suggest the
Ice & • I . 10 - 10 none operation of a velocity filtering mechanism

S 10 It a q non#in the near ake electron dynamics, and as
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such, appears to eontre;lct the simulatcon Mrdved. 0. f . Meaxurewnets of ion laukr
results of Singh et al. 119871; for the And body effects with the Ceminl/Agena
counterstreaming electron populations that satellite, Rarefied Ca% Dvnamtic, .
Interact to produce A single warm electron 1525-1540, 1969.
population reported In that work, were not Murphy, c. j. ricket. N. D'Angelo and V.
observed by us when A > 1.0 - the regime A. Kurth. Measureaments of plasma
th-t corresponds to their simulation parameters in the vicinity of the space
conditions. Rather, the warm electron shuttle, Planet. Space Set,, 34, 993.
population in the near wake region :onos 1004, 1986.
from the call portion of the ambient Oran, W. A., U. Samir. N. It. Stone and
electron distribution. It Is noted that of E. C. Fontheim. lAboratory observations
the previously mentioned laboratory of electron temperature In the wake of A
experiments in which a temperature sphere in a screaming plasma, Plan0c
enhancement was observed, the plaSPA 12aceSr. 23, 1081-1083. 1975.
streams all oriLinated from dischArge RaItt. V. J., 0. E. Siskind. P. M. Banks
plasmas which contained A population of And P. R. Williamson, Heasurements of
energetic tail electrons. Our results Are the thermal plasma enviroment of the
therefore consistent with these space shuttle, PKkjqc._Vace Set., L.
observations. 457..67, 19814.

SA-ir. U.. N. IL. Stono and K. It. Wright.
Aeknowledroments. We would likt to thank Jr., On plasma disturbances caused by
Dr. UrL Saair for suggesting this expert- the motion of the space shuttle ind
otnt and .. Cenevich for his technical small satellites: A comparison of In-
assistance. Situ observations. J. C6rhVs , R.. 91.

277-285, 1986
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Ele%;ctron Dynamics in the Near Wake of a
Conducting Body

CHUNG CHAN. Mr'.NPiR, tE.E?, M. A. MIORGAN, AND) RYrIl C AILIX

Aht&~r-rb knopwut loorboior of the utet 'wake W ai oirkmy dic wake. Significant itmporal variaitions %4 pIJ~tna p.
be~h dtt h dhd~ musla wt~a ~alii rliuua ~ rametes; (i.e.. fluctuatio-ai in plasma poteni*l%a in the

rT*0 q ofu ,tuilos *"M Oh 4~ W~ " (Wrorm4"* dt ooh3  ft. shuttle wake mlay also a kect the optration (if mi':nc di.tg.
Ibk Prwwattr of ,frttirw 844 I. %rvaom 'itbi h" $od iy radlet

6"04101va of IkeA dtm t r otrmiy A of thAD& 'at Eurm1 Itic ins~trumen'It1 1 (ceg. a electr ic fidid aflwflttatnkl
Pwe'kA. 1k ra*4oty Of l1k o~rirowsrms *Ti 4" o h b d y pauticle analyzer) which may be placed withmi sucwh rc.
Poolloww sow It famd to he "wet omapkf4rol lb. ti. of the In*%. gions of disturbed plasma. In this papcr, we present lab'
SWlTy1 Ibes 1004114 Nesl j.b ho 'UID& Of S ffl1it WCI% lhe WICC oratory' results tin the temporal evolution of the wake re-
insestte l"%rotamssY b ~r' Iibt or ctto o gion behind a cnducting disc using aI jwhed pla'.mu
lo 00 Ooi boss ' bl in tt a Iit Ibo(r $war 'maLo by Ik klib$, wotr
b~t ootcouwW. strvam. An additional ativantu~c or using a puisud plasmia

strecam instead of a steady -$late %trteam. is that thc plasmla
potential and density profile,- in a sticody state are deter-

I. t'rloi~tc~~oNt:mined by a balance of the electron and ion loss to the bodtty

'. physics associated with aI body moving rapidly anti the chamber walls. AsuMch. the nicustared prolf% of
libtugh a plasma and a plasana streaming past a ita- the wake in a steady-state experinmcnt may dep-ntion the

tionary body are essentially similar. In the tivit comn- conditions at the bo)undaries. as. well as the confinemnent
nitmOly conidered case. the htldy acts as a sink for the characteristics of the device in which the experiment I,,
charged particles which strike it atid leave behind a wake performecd.
where the particle densities are disturbed fromt their am. By pulsing the phiasaa stream on and off' at a :quwnc.N
bicrit values. Although most or the disturbances are cre- of 100 If;. we are able to examine the ver} carl) stage of
ated in the vicinity or the bodly, the disturbed zones call the wake formation process (i.e.. before the main plasmla
reach large distances downstream. The study of pluinma streani reaches the chiber walls), Our initial investiga.
wakes has long been a subject o~f interest in space physics. tion has been concentrated (in the electron and Ion dynam.
especially in the context of solar wind/planctary body in- acs in the near wake. This study i% nmotivated by our recent
teractions I 11I, aerodynamics of spacerAfts in7 the iono- observations 191 of significant clectron temperature vari.
sphcrc 121, and the structuring of comnet taiis. 131. ations in the near wake of an electrically floating bodly.

Since it is difficult ito oliwin detailed ineasuremnents of Since there have been a number of conflicting observa,
plasmaI-waKe regions in %pace. krboratory experiments tions 1 101-1171 in laboratory and space plasmnas regarding
141-71 have keen utilized to simulate the various wake the issue of electron temiperiture enhancement in the near
phenomena. Most laboratory experiments in the p:i.%t have wake of a floating body. a detailedl study of the electron
employed steady-state plasmia streams and stationary bod- and ion dynamics in that region s-cened to he in order
ies. i'hese so-called plasmna wind tunnel experiments% have Unlike most previous resuilts 151, 161 which replor anl
revealed a number of interesting effects. including the fit. ion v'oid region one ito two body radii R,, downstrcaml %if
cusing, 151 or iotn streams onto the wake axis by thle elc- tile body, we have rouand tile presence of botfa electron and
tinc fields within the sheath of I floating body, and the ion streams in that region. The ccrtn streams hj~c
excitation 151-171 of wave-like disturbances downstream rather compliL.ited flow paitcr% aind arc present tiraly "t hl
of the body. However, there is still a dearth of knowledge the body potential 01 is ncg&4ti~e with rce%cc ito the 1pl.Isflia
with regard to the temporal behavior of the wake region. potential, indicating that they Ina% be associated 'Alit tile
Such inforniaton has become even more important in the positive sheath electritc field of the ncgatively floatinge
.%pace shuttle era with the large size of the shuttle and the disc. To our knowledge. the data presented here i% the
variety oaf active experiments taking place within the shut- only attemipt so far to investigate the temporal dynamics

of the electrons in the near wake of a body. The organi-

Stanuictipt received April 4. 1986. revised August 8. 1986 This %%oit. zation of the paper is as follows. Section 11 contains a
%%a %ulpimci in jiin by the Nation~i Science Fotindaiion under Grant ECS brief description of the experimental apparatus. Section
his 10106, and by the Air Force Geophysical Latwratwy IlI presents data onl the temporal and spatial evolution of

illieauthiirs arc -Aiih the D~epartmnent o)r Electrical andj Comnputer Up the electron and itin current density profilc% in the,. near
ncmg ('enter rfm I'tccriinneii Rc~carchi. Ntintecaiern University. wk.Acmaio forrslswt ~~arswr
8(41cm. MA (12115waeA opntno trrsitwihrejt ok

11:1:1' IAug Number 8610915 and our conclusions are given in Section IV.

0093-3813/8611200-0915$01.00 (D 1986 IEEE
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Ol.fe:-r cccpt at very curly tihtc.s u . 40) sIs when ;n ion riont
I _was observed. Ai the expanding front. the leckrons

moved ahead of the ions and the resultant ambiplar tlet.

.ric field accelerted a few ions to velociti s a rew times
the ion gcoustic velo ty i%. In the main plasmta strcam.
the electrons moved along with the ions at approximately
the ion flow velocity.

In the present experiment, the source plasima p tntial
! i , wIs Set at 10.20 V above ground which rulted in u

plasma stream velocity of Uo a 3-5 c,. Typical tseratin
parameters were plas m1 source density n,, l 10 mIn

- ;average plasia streat (target) density n, ii 10 I'
.""-- ", ' ~ cm ', ambient electron temperature 7. ii 2-4 eV, c nd

ion temperature T, i 013 eV. Tl'.ct- also appeared to bW-,. , .-- a very small population of higher -':rgy electrons aml
ions at the front of the plasim stream. We believe that
these particles were originaly trapped between the two

,a. ,inner switching grids at t < 0 and acquired a directed
r £t ro ;.- , energy when the grids were switched to ground at i 0.

Fis tI UkH r"1 These ballistic particles are thercfore similar to tl ,(
,$ ,called pscudowave effects observed in other plassma cx-

periments when the potential or a grid immersed in a
II. E. :rIitsuI'NT. C)NSIt)ItAT104S plasma was changed ahmptly. Although the density or

Our experiments were performed in a modificd double these particles is very low (less than I percent of the am-
plasma device shown in Fig. 1. An argon plasma was pro. hient density) they can contribute to the initial charging
duced by hot filanents placed inside a multidipxole surface of the floating body in our experiment. One obvious cvi-
magnetic field 1181 in the source chamber. The target dence of this effect is the dclndence of the floating po.
chamber was separated front the source chamber by four tential of the body on the bias voltage of the switching
fine mesh grids (2, 60.percent transparency each). The two grid at very early times t < 10 ps. In this paper, we will
outermost grids were always held at ground so that all of concentrate on wake data which utilize thin aluminun
the chamber walls and the plasma boundaries were at the discs (thickness :50.5 cm) with a radius ranging from I
same potential (i.e.. at ground). The two inner grids were to 5 cm as floating bodies. The parameter regime in our
biased at +50 V and - 100 V. respectively, in order to experiment is quite similar to the innospheric plasma con.
prevent the source ions and electrons from entering the dition with the excepion of a higher electrcn-to.ion tents-
target chamber (which was a vacuum with neutral 2rgon perature ratio in our experiment.
pressure P0 < 1.5 x 10"' torr) at time r < 0. The plasma A series of experiments has been performed in order to
potenial of the source can be adjusted by the bias on the study the electron dynamics in the near-wake region. Al-
source anodes. At time t - 0. both inner grids were though the boundary conditions are almost the same for
switched to ground and source plasma expanded freely each set of the experiment, the initial conditions were
into the target chamber. Since the source plasma potential slightly different (i.e., the source plasma potential may
was always positive (0, a 5-20 V) with respect to ground differ by a few volts from day to day even though the
and the target plasma potential (61 a 2 V), the source operating parameters are kept the same). As such, the de-
electrons entered the target chamber with no directed cn- tails of the wake region varied somewhat in each experi-
ergy. On the other hand, ions entering the target chamber ment, but the overall results remain essentially the same.
were accelerated by the potential difference between the In order to minimize the effect of the radial walls on the
source and target plasmas, i.e., with directed energy E, wake formation, an aluminum aperture with a 20-cm ra-
a e(O, - Or). By adjusting the anode bias voltage and dius was placed onto the grid that is closest to the target
hence 0,. the ions stream into the target chamber with an chamber (i.e., the top grid in Fig. 1). The presence of the
adjustable range of Mach number Af (ie., M = uolc aperture limited the radius of the plasma stream to ap.
where uo is the velocity of the ion flow and c, is the ion proximately 20 cm. In previous experiments 1211, we have
acoustic velocity). Since the two outermost grids are at studied the expansion of a plasma stream through such an
ground potential, pulsing the inner grids does not affect aperture and found that almost no radial transport of the
the boundary conditions of the target and the source plasma stream had occurred for i < 100 ps due to the
plasma (i.e.. they are not seen as effective anodes for high velocity of the plasma in the streaming (axial) dirce-
either plasma). The characteristics or the expanding tion.
plasma stream with M 2: I have been described in some The electron current density profile measurements were
detail in a previous publication 119]. In that experiment, obtained by scanning a single-sided Langmuir probe (a
the motion of the plasma was found to be self-similar [20] tantalum disc with a 0.1-cm radius) in the transverse di-

27



CIHAN rt A, MItAN WANF Of A CON)'UVIi I0I)Y JI"

K _ _ _ _ _ _ __PS.

*. ao-l. *

Fig 2 Thc kmgltaI kVOrhC Ntill 10441a O(ihC digc.

t-111 V%42

too

so

40

Rill

-IR$

Fiii. ., Titwccini dettion cuffnti Jciy ptitiilct VA, a II 6

Ill. EXPERIMENTAL Ri..suIt's
At time t 0 0, the source plasma was ahowed to enter

the target chamber with an average ion flow velocity uo
,- 4c. An electrically floating disc with radius Ro - 3.1
cm was placed on the axis of the device, 5 cm away from
the aperture grid. The ratio of body radius to Deb'e length

, .~.was on the order of 10 in steady state. In Fig. 2. we show-is ; -6 i •the temporal behavior of the disc potential 60. As the

plasma stream expands past the disc, the floating potential

Fg 3. 'r, nicuving eIction cufnfnt ikntity prtfiles at ViMo , 0.2 thc of :he disc first decreases rapidly to 0o = - 25 V and then
disc with R w 3.3 ilt is plced a :IR -U settles back to a steady-state value of Oo = -20 V for i

> 50 js. The initial high negative value of 6,, is possibly
rection. The probe had a specially designed inner shaft caused by the existence of some ballistic electrons after
made with .pring sleel tubing. By externally adjusting the the switching of the grid as discussed in Section II. The
length of the inner shaft, the probe can be placed at var- ratio of the body potential to the electron thermal energy
i(s distances downstream of the body (see Fig. 1). This (e OIT,) was on the order of 10 in steady state.
design eliminated the use of mechanical maneuvering sys- Figs. 3, 4, 5, and 6 show the temporal evolution of the
tems inside the plasma and significantly minimized the transverse electron current density profiles at successive
perturbations created by the probe. Faraday cups and axial distances z"Ro = 0.2, 0.6, 0.8. and 1.1 downstream
electrostatic energy analyzers can also be placed on this of the disc, respectively. The electron current density pro-
probe shaft for obtaining particle measurements in two files were obtained by scanning the Langmuir probe in the
spatial dimensions. tr3nsverse (R) direction with collector surface facing the
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in the +. direction, the electron streams appear to evolve gradient of the wake boundary is observed to decrease in
imnidiatley behind the disc (i.e.. as a single stream at : distance and in time. indicating a filling.in process 122).
f 1.5 cm or zIR1 ,- 0.5) and then diverge as they prop- 1271 with the ambient plasma expanding rdiall) inward

agate dkwnslrnam. The trajectory of the electron streams into the wake. In steady state I > 150 is)i. the two
at distances :lRo < 2 resembles that of' a "trailing-V streams are observed to merge together wih very si tall
wave- reported in the ion wake experiment by Stone 151. amplitudes.
However, the trailing-V wave in that experiment actually The origin of the electron streams is not ) Ct understood
consislcd of ion streams focused by the sheath electric hut is clearly associated with the shcath eletric held. As
field into the wake. When the focusing ion streams crossed shown in Fig. 9. the electron sirvasin disapi ar wlhcit the
each oher. they emerged as a trailing-V structure many disc is grounded or biased positively. Since the target
body radii downstream (i.e., at zIR0 > 15). The trailing- plasma potential is also close to ground. the sheath elec-
V structure in our experiment actually appears almost right tric field is negligible in the fonier case and is pointing
behind the disc and seems to propagate downstream in radially outward it the latter. The dependence uf the sep-
time (i.e., compare the stream trajectories at t = 55 ps a'ation of the electron streams on the potential of the disc
and t = 70/us). Note that the floating potential of the disc is also illustrated in Fig. 9 where a more negative disc
hid reached a steady-state value of o = -20 V at t > potential is found to result in a wider separation of the
50jusso that the changes in the stream trajectories cannot streams. We have perforned experiments with discs of
he caused by the change of the body potential. Moreover, various sizes (Ro varies from I to 5 cm) and found that
instead of diverging even further apart as one would ex- the separation of the electron streams also increased with
pect for the trailing-V wave, the electron streams actually the body radius. The above evidence indicates the impor-
merge together again at z/Ro* > 2. In Figs. 7 and 8, the tance of the sheath electric field to the existence of the
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electron streams. This result is quite unexpected because peak is present inside the wake. We have detected neither
the shat electric fie of the floating disc (which is di- detached-Iocusinl ion strear.u nor trailing-V waves in this
necd towards the dis) should deflect electrons outward exltriment.
from the wake region. As such. one would expect an elec- Furthermore, the ion stream appears to be present in the
tron void in the very near wake of the body 117). wake at an earlier time than the electron streams. For ex-

The behavior of the ions in the present experiment was ample, the electron profile exhibits a void at t - 30 ps in
found to be quite diftferenm from that of the electrons. As Fig. 5 while the corresponding ion profile in Fit. 12
shown in Fig. 10, the two-dimensional ion cpfrent density clearly shoaws an ion enhancement peak inside the wake.
profile at t - 70 ps shows the presence of only a single On the other hand, both the electron and the ion streams
ion stream inside the wake while the corresponding elec. reach their maximum amplitudes at t -, 70 ps and "/Ro
tron profile shown in Fig. 8 clearly reveals the compli. m 0.8-0.9. We also note that the ratio of the ion enhance-
cated electron flow pttern. The ion current density me- ment eak to the ambient density decreases at a later time
surements were made with the same scanning Langmuir (t > 100 ps) in agreement with the electron data. For
probe and the results were confirmed with a gridded Far- example, at steady state (e.g., t = 500jus) the ion current
Way cup. The ion profile in the present experiment re- density profile in Fig. I I resembles that of an ion void
sembles the steady-state profiles reported by Hall et al. even though the initiil ion enhancement density (i.e., AL.
!231 and those of Fourier and Pigache 16] to a large ex- t = 40 jus) is comparable to the ambient density.
ten(. In Fig~s. I I and 12, we show the temporal evolution
of the transverse ion current density profiles at two axial IV. CONCLUSION

locations in order to facilitate a direct comparison with By studying the temporal evolution of the near wake of
the electron data already shown in Figs. 4 and 5. It is clear a conducting disc, we have found the presence of electron
from these ion data that only a single ion enhancement and ion streams in regions less than one body radius
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downstream. The flow pattems of the lectron streams are action. Several authors 1251. 1261 have estimated the Ilt-
more complicated than that of the ions and their origin is cation of th;! crossing point as
no( yet fully understood. The dependence of the electric
streams on the sheath electric field indicates their possible
association with the focusing ion streams which are free. - M . ()
streaming ions that are attracted by the sheath electric field
and are focused onto the wake axis. Previous experimicnts For the present c.xperient. At 4. R,, on w. 41,
141-171 have investigated only the ion current density pro. -< 1 cii 0j - 20 V. and 7, at 2 4 cV. which teulh. in
files in steady-state plasma streams and found an ion void zjlR0 > 2.2 or z, > 7.3 cm. On the other hand. most
in the iegion of z/R0 < 5. For example, in the experi. previous experimental and theoretical results 151. 1191
ments by Stone [5 and Stone et al. 141, there was no seem to indicate that z - AIR,, which implies that z,, =
measurable ion current in the void and the effects of the 14 cm in the present experiment. Both c.sttmates indicate
fo.using ions began to show up at z/R0 = 10, as it small that the ion focusing point is funher downstream from the
ion enhancement on each side between the void und the observed locations of the electron streams in our experi-
ion rArefaction wave. The ion streams converged and inent.
formed a single ion enhancement region at the crossing A possible explanation of this discrepancy is that most
point (z = zj) and a trailing-V structure appeared for dis- previous studies 14J-171, 1241-1261 were concerned with
lance z > z4. The trailing-V structure was actually di- conditions in which the similarity parameter A. defined as
verging ion streams, which emerged from the focusing the ratio of the ion stream flow energy to the iiapnitud :
ions at the crossing point with very little collective inter- of thencgative body potential, was greater than one. In
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our pre:sent e. xriment. A - 0.71 and our ton data: ore ac- trie tHcld of the flolting disc should deflectl the electrons
tually consistent with the only other reported A < I cx- outward from the wa-ke region, the presec~e of the ee-
perinent by Hall ci ,L 1231. Using a steady-statc plasma Iron streams in the near wake must be induced by the ion
flow, they found that ions always a ppear right behind the motion.
body and in cases of sutliciently high negative botdy pa). Additionally, the themtal velocity of the streaming ions
tentials, ions can even strike the rear surface of the body, is small (with 7 <- 0.3 eV) and the streaming ions could
As such, the presence of electron and ion streams in th~e only then be attracted into the wake at distances : <
near wake Is probably caussnd by the highly negative float, by the sheath electric field. The void can alsom he filled by
ing potential of the disc in the prsent experiment. charge-exchange cold io,'s that are attracted in~to the void

Tfhe fact that we have not obser'ved any detached ion by the sheath electric field and by the r,dial expansion of
streams and tra.iling.V waves indicates a more compli, the ambient plasma into the void. For the present range
cated trajectory of the ions than the ballistic ion trajectory of neutral pressure (;5 x 10"S-l.5 x I0"' torT), the
assumcd in (I). The behavior of the electron streams is charge-exchange time is considerably longer than 100 /*s.

* also shown to be much different from that of the ion,, arni thus charge exchange cannot affect the wake formzation
cannot be explained by the assumption that the electron process for ttnesi ,, 1 00 ps. On the other ham!., clec;rons
follows the ion trajectory because no focusing ion streamts can eoter the void due to thcir high thermal velocity but

* were observed to precede the ion enhancement region, would be expelled from the void by the sheath electric
From the temporal evolution of the ion and electron cur- field. As such the trajectory of the ions and the electrons
rent density profiles, the ions were found to appear inside depends on the potential profile in that region and there-
the wake at an earlier time than the electrons. This sug- fore can be influenced by the body potential q~ as shown
gests that the ions enter the void due to the highly nega- in Fig. 9. It is not yet clear whether these processes can
rive body potential and their corresponding space charge account for the observed electron streams at zIRo < I.
attracts the electrons into the void. Since the sheath cc- However, their presence will affect the measurement of
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A New Model for Auroral Breakup During Substorms
PAUL L. ROTHWELL. LARS P1. BL.OCK, MICIIACL 1). SIuEVrrcit. srvio~t stsuir. 111:11. AN

CARL-OUNNE r-ALTiIAMMAR

i'u.o-A mtkI fOr 'uh'InrM h eakui It c5et'pird, haled on 1) centl Coupling between the 1ittagnetospherc and the !ono,
thi ttlotatin o a(t'eitd t(do~d) dfroiAr 1kl4 flact, oncl 2) th W. sphere. A sinipk stability analysis shows that tvarrtbw-are
wathm of all Inclpkat corrtns wcrdp %oihin a Omsk arc ,troctarc. It
Is Of~wd 1a1 1 f hilahlshwal tots aCpkdl Current %iratire "11;14 srovures tha( form :at lower L. shell$ may be tin
a ialk arc leads to a ilvowl'ahk '~t:I.e.. Aht pritbriskup re stable to pokeward expansion. while wider are.; sinaciurcl

llm# rersvrbalso" ofik pfclrtakup imf~urv kam to an tn-IsaJ~tt at higher 1. shells are stable. This, in our modcl, is tile
criterkn. h It (muid, conilitniwithobnatq; tha parroker. ali cause, for subitomai breakup being observed well inside thctiff01 arCj $( kw-tr L. Sheflls Ufdef the #"Olt tsplsis poarjd C iceeacrein eas fn htbea.psol e
pan4... Ac~orilg ita thi swodet, titt predc kcatiqn at whkch brakWV dicrt aruc region We hlo i ha bheiu hl cocnrto i
occurs ikptods o.o tht 0' doollt) to liht plasiashs' lthe ik ct of nisi. curmoecutridh igrte0*onnraoni
ildkacWtiiy(K,. and eltniyrtlichsar ti~wrSIia he plainma sheet, a finding which connects our work with
irs lo ift the *nhrt. An enhaocitmei. at' oy' of Shiea featurci %III thc reccnt results or 1*1-111) that indicate 11im~' the in.
camtt beakup So occur at Iwecr I. :hrhls. Cw,%*ern of ou~r aiwdl osphetre seed-t the lurser edge or the plasma sheet with en.init th hpI rMaa polar-cap poltntia rode laiklalt that ergetic 0'~ during times or high ignetic activity. The
lietaktip Is reuirkied to the ct of iisht flarang dlscoetllwity issitm obtained instability also depends on the presence of a snil-

1-li rttni4,.rvjI~n fro th Viini saellte.ward electric field component in the equatorial plane
which maps to :s pokcward component in thc ionosphere.

1. INTRODUICTION (According 1o our model, (his allows thet kinetic energy
T IERE is considerable evidcnce [1)-151 that a sub of eauthward conveching plasma to generate electrical en-

storm, as first seen in thc aairor-.! region. many stort ergy that drives thle instability.) Such an electric field
earthward of any associated near-carnh neuttal iiue. This comiponent is present in the lleppricr-Maynard model 1121
leads to the following poissi~ul physical scenario: Tail j-!s west of the lkirang discontinuity, which is consistent
magnetic ficid lines reconnect to a strethed dipolar con. with the preferential location for breakup as observed by
figuration through a nearth neutral line. The relaxa- Shepherd ei al. 11). Although our model is first formu-
%ion of these stretched dipolar field lines requires a de- fated for a dipoic, field, we rescaic the results using thc
crease in the cross-tail current by Mnxrwell's :quations. Tsyganeniko 1987 [14) model for various K. values. We
Presumably, part of thc required currnt dccrease cIn oc. findl that for higher K, values, breakup should occur even
cur ielf-consistently (Kaufmanin (61) through the clrcct of more equatorward. A key feature of our model is, therm-
dipolaritation on ion gradient and -;urvasure drifts. On the fore, that although the ronnation of it near-earth neutral
other hand, part of the current decrease occurs due to a line is required to create the stretched dipolar field lines.
diversion of the cros-tail current through the ionosphere, substorm breakup may occur much closer -to the earth
forming what is commonly called a subsiorm current through the formation of a substorm cutrent wedge.
wedge (McPherron et oI [71). The dipoliar collapse pro- It should be pointed out that another recent model for
ceeds by the conversivc -Af magnetic cnergy that is stored substorin onsets his been proposed by %~an et at. 1151
in the stretched magtli- -ield lines into ionospheric Joule basca on the earlier work of Kati and Sun (161. In theit
heating via this current wcdge. model, substorm onset is dirctly caused by an enhance-

One basic question that we addscss in this paper is the ment in the magnetosphecre-ionosphere coupling due to ian
lotien -where the em can -tif-consistc.-al) exis'. within Acnhancement of magncsosplcric convection following a
a single arc structure for given magrctospheric und ion, southward turning of the IMF. This produce.% a narrow
osphcrkc conditions. This provides :III enhanced yct quics belt or intense upward field aligned current that can, in

their model, lead to substorni onset. Thc major dihl'cience
Manuscript mccved Aujust 12. 1988, revised November 8, 1988. This btenouaprch17 dthtfKrni .(51:Work W3S partiatly supponed by the U.S. Ait Force undtr Canitrc no that we treat the vk'ability of a single arc structu~re, while"

F1962215-K-0053. they examine the global effects of crihanced convection.
P_ L Rothwell is with the Air Force Ge~ophysics La3boratory. 11anicoin Both models consider auroral breakup so he direrily re-Air Fo'rcc Base. Bedford. MA 01731.laetoehne geoscr-nspr ouigL. P. Block and C.-O. Piithammar are with the Department of Plasma itdt nacdmgeoshr-oopeeculn

Physics. Royal institute or Technology. Si100 44 Stockholm 70. Sweden. which does not explicitly depend on the formation of a
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Suhlwism breakup. as observat(ioally defined, is the ' ""

sudden brightening of a previously quiescent auroral arc
near local midnight. Once it is "tritgered," the arc dy- J" E '1 I, J-- l
amics is characterized by a pid poleward and westward J C,

expassion 121,131, 151. Hallinan 15!, .sing real-time TV - - - - - - - -
imaging techniques, observed a new arc forming polc-
ward of the diffuse aurora, rapidly followed by the Fig. I. Tsec l. r-bkmjhann cur' pi .m iuwnmbrtaupih~i
quennial frmaion of up to three morc arcs, each pole-
ward of its predecessor. /,&. one arc formed, Hallinan 151
observed another one fading. This process lasted between in turn, are the continuation of magnetospheric currents
15 , and 10 min until one of the arcs established domi- in the equatorial plane and are dependent on the plasma
nance, brightened explosively, then initiated the poleward characteristics there. In particular, in the MHD approxi-
surge. Auroral intensification% with characteristics similar mation enhanced earthward convection or maineto-tail
to those of sbstorm breakup can occur in the evening plasma and the attached magnetic field lines that are u-..
sector, as detected on Viking [ 43]. They expand poleward sociated with dipolar collapse are the primary energy
and eatward, abnly mtopping at local midnight. Trig- sources for both circuits. It ;s the consistency or this
Serin generally occurs on the poleward boundary of the earthward convection and the ficld-aligned currents with
diffue aurora, which can be at invariant latitudes which the ionospheric configuration that determines where
correspond to dipolar L shells as low as 5-6. The purpose qe..ccnt current systems can be established between the
of this paper Is to establish the quiescent pie-breakup con- ionosphere and the magnetosphere. The associated au-
ditkms which are necessary for triggering to occur at such roral arcs are the most likely candidates for auroral
low latitudes and to examine the dynamics or the breakup breakup.
in the first few seconds before inductive eflcts become Fig. I shows the ionospheric elements of the two cir-
inportant. cuits. Briefly, a westward-directed electric field drives

The basic idea in our model is that the pre-breakup arc both a westward Pedersen current and a poleward Hall
is an arc in which two coupled electrical circuits are es- current in a highly conducting slab. The lack of full con-
tablished between the ionosphere and the magnetosphere; tinuation of the Hall current into the magnctosphcre cre-
i.e., it is the incipient formation of a substormi current ates positive charges along the poleward boundary. gen-
wedge similar to the one proposed some time ago by crating a southward-pointing polarization field. This field
McPh rron et at. 171 that distinguishes the breakup arc drives a southward Pcdersen current and a wcstwa-d Hall
from adjacent arcs and leads to the observations described current, thereby creating a Cowling channel. As previ-
by 151. As such, it has the basic features of the Westward ously stated, we believe that the establishment of this
Traveling Surge (WTS) current system that we have pre- Cowling channel is an essential element of the breakup
viously used 1181-121) and as used by Coroniti and Ken- mechanism. Fig. 2(a) and (b) shows the mapping of the
nel 1221. As implied from Fig. 1, the physical picture is ionospheric circuits into the equatorial plane. The mag-
of two current sheets: One flowing upward on the pole- netwspheric westward electric field, E,., is mapped, con-
ward boundary and another flowing downward on the sistent with field-aligned potential drops in the east-west
equatorward boundary of an enhanced conductivity region circuit, to the ionosphere as Eu in Fig. 1.
in the ionosphere. Our approach is comparable to one used We denote W and i1 circuits as containing the iono-
some years ago by Coroniti and Kennel 1221. However, spheric westward and poieward currents. respectively, us
we treat a nonzero polarization field in the magnetosphere shown in Fig. 2. The IV circuit (henceforth denoted I'C)
which is considered essential for the breakup instability. is a current wedge connected to the near-earth cross tail
Moreover, our approach depicts the L shells at which a or ring current, which is correspondingly weakened within
self-consistent .uiescent current wedge can fonn over a the wedge in the night sector. The II circuit (IC) is
wide range of dimensions, while Coroniti and Kennel 1221 closed by an earthward current, J1k, in the equatorial plane
treated breakup as occurring over the entire auroral oval. between the upward and downward current sheevs. We
In Phe present model we examine the possibility of breakup explicitly derive Jik below.
occurring in arc structures from the size of an individual The Cowling channel is a dissipative structure. In Fig.
arc to the size of the WTS. I the dissipation is driven by the Pedersen currents only.

*rhis is simply due to the fact that the "Hall" tenis-of-
Ii. Tin roTwo CIRCUIT MODE. powcr balance out. In tie ionosphere the WVC load (west-

ward Hall current parallel to the westward electric field)
The extended east-west orientation of the breakup arc exactly equals the 11C generator (northward Hall current

motivates an approach which models the system as two antiparallel to southward polarization field). When we re-
coupled circuits, one north-south and the other cast-west. fer, therefore, to the ionospheric H.ll generator in the HC
In our model these circuits c;ose in the magnetosphere via circuit we do not mean to imply th:t the ionosphere is an
field-aligned currents which ane calculated from the model energy source. The ultimate energy source is the magne-
of Fridman and Lemaire 1231. The field-aligned currents, tospheric portion of the WC. This electrical cnergy trans-
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and the current density.,. arc directed earthward. If the
initial plasma velocity lias a positive y component, how-
ever, there is r generator (r. < 0) and the bulk plasma

. motion is decelerated. For thc load case, we assume [lilt
teiiily velocity is zero. For the generator ease, we

assume the finat y velocity to be zero. Thus, A (p V,) -
±lpI.,/B,, where thc plus and minus signs refer t0 the
load and generator eases, respectively. Therefore, J11 is
given by

- J11. - *tPIlYE,S4(A,BA (2)

J~~e where Eg. and Ei, can be expressed in terms of thc ion-
t Jw osphecric electric fields and field-cligned potential drops.

600 4,g. and 4',,, according to Kirehhoffls law

Ii4.,. Fr(M + 4/d)(3.0

- 4- FI/"A).-(3h)

Ill. DtsciirloN OP Quirtsci:NT Scit.u'rios
We assume (see Fig. 2) that a field-aligned potetidil

Fig 2 3si ub~tnn curtent Acdje ititing towards the eanh rmm the drop, 4lig-, exists in the western leg or the cast-we-st circuit
m;njqst-it Noteihcnapping fehee-irrenisorrg i tothecqustortsl and (hat a field-aligned potentiail drop, 4',,, exists in the
pla (bi A cioteup aerteen ftewdccretsse.d nd poleward leg of the north-south circuit. Knowing the
J. denote the Ponh-south and east-wcst dimensions of the breakup ccv expression for 11, vs given in (2), we can deterinine all
$Ionl in the lonolphere. the relevant parameters ;.ceded in our model to define the

structure of the pre-breakup regime.
Fig. 3 shows a flowchart of the logic used. Assume

fer from the 14C to the HIC contributes to the power re- thait in the equatorial plane there is a plasma with an ion
quired to sustain a field-aligned potential drop in the 11C. density it,, an ion mass ini, an elctron density ii, - 1
However, narrower breakup arcs may also require the and the electrons have a parallel temperatture T1, and a
presence of a miagnctospheric generator in the 11C to sus- perpendicular temperature of Tt,. The model of Fridman
tain a field-aligned potential along the poleward bound- and Lemaire [231 is then used to calculate thie precipita-
:ty. As discussed below, this situation is inherently un- tion flux (current density) at the ionosphere for both the
stable and is associated with the triggering of substorm east-west and north-south circuits for given field-aligned
breakup. potential drops. Current continuity at the ionosphere is

One of the key elements of our model regards how the then invoked to calculate the ionospheric westward and
HC current is closed in the magnetosphere. The north- poleward currents Jw. and J,,. They are
south extent, 4, of ihe ionospheric system shown in Fig.
I is mapped to the equatorial plane as dh, = dh/F,, where J1.= E0o1, + Ep Ell, .a I X 105 (4a)
F, is a Scaling factor equal to AA/AL. F, is the azimuthal V=EOI-Ep =jlt,(b
ionosphere-magnetosphere scaling factor which, in a di- 1,-E.P inb(b
pole field, is equal to L 3/2 (See Fig. 2). We choose a where Ell and E,. are the ionospheric height-integrated Hall
coordinate system in the equatorial plane such that x points and Pedersen conductivitics inside the arc region. For lack
towards the sun (earthward), y points towards dusk, and of a detailed model for current continuity at the western
z points northward. Over the interval, dh,, the magneto- boundary, we scale the precipitating flux so that I aA /M2

spheric current, Ji,., causes the bulk plasma to be accel- of precipitation current corresponds to 0.1 A/rn of iono-
crated in the -y direction: spheric current. This corresponds to a circular hot spot at

illx B = ~d~~y)dt =djAp~y1A1 (1)the western boundary with a radius of 64 km. Rb is the
* J,, xB, djdpl/)/d d1L~pV)/M (1) extent of the poleward boundary and is estimated from

where B, is the equatorial value of the magnetic field and auroral studies as being about 20 km. The ionospheric
di = LRE13 is the assumed field-line segment over which conductivities are calculated using the model of Robinson

*ill, is nonzero and p is the plasma mass density. We re- et at. [24]. The electric fields inside the Inhester-IBaum-
place the derivatives with differentials. The plasma crosses johann current system shown in Fig. I are then found by
d5, in a time equal to At = dh, B,/IEw,, where Ew, is the inverting (4a) and (4b). Equations (3a) and (3b) are now
dawn-to-dusk electric field in the equatorial plane. We used to find the corresponding electric fields in the equa-
must now make some assumptions regarding the initial tonial plane. These results are inserted into (2). Current
plasma velocity in the y direction. If it is negative (east- continuity, however, requires that J&, = FJv, where JN
ward) there is a load, since both the electric field, Er,, is the net poleward ionospheric current density (A/rn) in-
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It~mmnli11XC Ims t" Tois d~iscsd below. All curves in this figure were gener.
I ated by incrmenting dh in 5.kin steno-. The peaks in the

Li sitcurves correspond to the niagnetv I portion of the
I 1C, switching from a generator, ..~d as do, Increases.

lost)When this happens all the tnery in the HIC is supplied
4. J;I by the Hall generator. As discussed below. the transition

41~ firom a 11C load to a generator is inherently unstable. Thus.
the peaks in our model will be closely associated with the
triggering of breakup. These peaks occur at smaller val.
ucs or 4i ror smaller values of 4',,. This is due to the fact
that smaller ficld-allgned potentials are smaller loads in

1W (191~lythe 11C, so that the ionospheric Hall generator can support
these loads at smaller values or I.&. The figure shows that
self-consistent quiescent solutions occur closer to the earth
the stronger the westward electrojet (4'u-) is. The inag.

M WS 111.41TYnitude of 4',, .cents to have little effect on the location at
AT Xs~nX Ui141WATHIC? or ""N1116 which pre-breakup solutions (41h a 15-20 kin) may oc-

0, wll.)cur. But both +11, and 4- do affect the transition point at
which thc mnagnectosphere becomes a generator in the 11C.

__________________ Note that the model predicts that larger quiescent current
structures can be funned at higher latitudes. as seen from

roost Lthe figure.
Ffr ) A fluwChan frthe rnctioe or solution uicd in the owdk. Fig. 4(a;-(c) also indicates that inc.picnt breakup re-

gions (15-20 kmi in the N-S direction versuis 200 k-m in
the lE-W direction) call occur on invariant latitude.% cor-

side the pre-breakup arc. The equatorial 8 field is as- responding to dipolar L shells below 6 (% - (15.90) as
sumed to be dipolar ( - L. * ). Therefore, L is determined. observed by 131 and 127). We have round that solutions
Note, however, that in order to initiate the calculation tin can occur on even lower L shells if the oxygen concentra-
L shell haid to be assumed ror the sealing factors in the lion is increased or a more realistic field model is used.
Fridinan and Lcm:.irc model 123). Usually. this initial as The solutions arc also (ionsistent for surge-type quiescent
sumption differs from the value of I. finailly obtained. For. structures ("A - ;00's kill). That is, the surge counter-
tunately, convergence is obtained by successively iterat part to breakup is preditted to occur at higher I. ihells. as
ing the: calculation using the finail 1, value for the initial observed.
aissumption in the Fridmnan and Lemaire model 1231. Fin. 4(d) is thie same as (b) except that there is no ox-

We now want to give a numerical .xaniple of our ygen in the plasma shet. A higher concentration of 0'.
model. Unfortunately, the large number of paramneters in presumably originating in the ionosphere, ollows, a pre-
"olved precludes an exhaustive exploration here. We a., breakup arc to formi at lower I. shells. This is because the
surne: thait the plasma sheet moves sutliciently inward dur magnitude of J&e is fixed by 4',1 through the Fridmnan and
ing magnetically disturbed times 1251 so thatt plasma sheet Lcinaire model [231, uhili iippics by (2) that itm,L"0F,
values apply. Thus we set it, = I cm-n3 and T,,~ = is constant. If the magnitude of the 0' seeding of the
I keV. The substorni cuncnt wedge is able to formn when plasma sheet by the ionosphere: 181 is dependent on the
the field-:iligned potentials caun accelerate electrons to the duration of the growth phase, then oui mudel predicts that
E layer (4 kc'r. :16)> On the other hand, we choose breakup associated with thesc prolonged growth phases
32 kV ats ai reasonable upper limift to the field-aligncd po- should occur nmore equaiturward.
'ential drop which corresponds to a precipitation current It is also found that the art. location is relatively insen-
of - 30 uA /nil. Using this range for 4',, (sce Fig. 2(b)) sitive to the plasmia-sheet electron temperatures abovc I
corresponds to a net westward ionospheric current, A., of keY.
-0.3-3.0 A/n according to (4a). By using the four val-
ues of 4, 8, 16, and 32 kV for 4,11,. our results are thereby IV. STABILITY fit; Qtfli'SCENT SULL TiONS
parameterized according to the intensity of the westward Recall from (3b) and Fig. 4 that thc magnetosphecric
clectrajec. For purposes of illustration, [lhe cast-wvest ex- part of H/C is a generator if 'I,,1;iI > Et,. Now. if 4',, in-
tent of the breakup airc is fixed at 200 kmi. creases, as between Fig. 4(a) and (b), then for some au-

Fig. 4(a)-(d) depicts the quiescent arc structures as a rotal arcs the mnagnetospheris- purtion of the 11C switches
function of the ionospheric north south extent of the en- from a load to a generator. jNote that in the earlier ap-
hanced conductivity breakup region and in termis of in proach of Coroniti and Kennel 1221 this generator does
variant latitude fe :ree values of 4),,, 2.5. 5.0, and 10.0 not exist. since they assumed tlie mnagnetosphecric polar-
kY These first three runs assume 50 percent 0* in the ization electri.. ia~td to bc zero.) We now sho.% that this
equatorial plane (this affects J1, as given in (2)) Fig. 4(d) 40leads to irstability and the triggering oi breakup. Let us
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Fit 4 Quiescent solutions frth l1€ ocation urs uhbmunis breakup atss function or invariant twitudc dto ie h nonlh.Notlh extetrn
of the brealkup region in the tono~phicm The four voltagec. (4. S. 16. and 3'2 WV) an values for the flihl.altgicd 1ilnltal
drop 3,1,nlg the -Acstanm lg of the 'ircUtl (Sec Fig. 2.) Th"1e field a!igned potential drop alongth e Ipolmwad arc¢ boundsty, +,,.,
inrea',cs frorm 2 5 to 10 LV ai xhown in Fig 400-(c1), The peaks drnoic the switching or the magrnctosplicric prtion or ihic
11 circuit froin a lg¢nc¢ nr to a lad ats dt, ir.creascs. The geCnerator (unstable) reilon expands as +,j tnctc:,srs, All cxsniplc-

3ssumcd a 50 perent 0" * oncntration In thc. plasma sh¢€l ece pt In Fig. 4d). which Is 0 percent. Noic th'at an cnihanctuitnt
of the 0* €onecnittntion shirts the break!up relgion cilusiorwa'rd,

do this by considering the effect of poleward expansion from 120) and when.' C -" 5ctEo/B i . Here, B, is the value
on 4,1 itself. We assame [hat inductive effects keep J11 of the earth's magnetic field at thte ionosphere, / , in; as
approximately con.stant during the initiafl stages. By solv. defined in Fig. 1, and a is the closure parameter ais dc-
ing equation (3b) for 4,11, it is easy to show, using (2) fined in 120]. Basically, it is ilia friction ofthle lcward
(with the plus sign), for E,, that 01,n increases with M [fall current (Fig. 1) that is continued into ilia magneto-
as long as 4,1 > E,,dhl2. That is, even when the mg- sphecre by the lctron precipitation along the poleward
nelospheric portion of 11C is a weak load, 4,1 increases as boundary. The dynamical equation for 4,1, the field-
the breakup arc expands polcward. In Rothwell et al. 1201, aligned potential drop along (lie polewaril boundary, is
we showed that the spted of ilia poleward expansion is given by
proportional to the electron precipitation energy along the
poleward boundary or 411. Therefore, in our model there 64,'1 = C(2 u1/d k - EP) P]fJ't. (6)

is a positive feedback betw een polew ard expansion and W e w l no l ok a s m e u er c l o ut n .
the field-aligned potential drop along the poleward bound- Figs 5(a) and 6(a) show the time evolution or 41,( as
ary . T his inhere nt (glob al1) instab ility initiates b reakup . no m l z d t i s i i ia v lu at t = 0 s th ar ( u g e

Insor detail.o the dyamipal equteionforpher, e north- expands Figs 5(b) and 6(b) ar the correspondig curves
sout exentof te beakp ac intheionsphee, s gven for (/A. Five initial values for dh are listed (20, 50, 100,by 200, and 400 km) in Figs. 5(a) and 6(a). The associated

bdi, = Ci it (5) L-shell locations are also listed for the quiescent, pre-
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(b) Mb
Fig. 5. (a) The time evolution of the field-aligned potential drop along the Fig, 6& (it) The same as for Fig 50b1 cxecpt that the initial value of +n

poliwani arc (surge) boundary for an initial value or 1.s kV and for has in..reased to 5,0 LV This chanics the location of the lire-breakup
various Initial values for d, or 20. 50. 100. 200. and 400 km, respec quiecentA ame (surge) stnjutures. AS calculated in the dipole approuma-
lively. These Initial valuctcorrespond tocuvts A. B. C. D. and E The lion, and causes thc naro-ct arc structures t20- SO kini to be cApto
L values at which the quiescent arm (surge) structures can Form according sively unstable (bj Time evolution of d, for an ontial vaiuc of 50 kV
to Fig. 3 and the dipiole approximation arc also given. Note here and In for +H. 2s In (a).
(b) that all east& arm relatively stable. (b) The corresponding time cvo-
luition or d,% for the same Initial values as used In (a).

in Fig. 6(n) and (b) is on the order of 16 mV/rn. The
breakup arc structures as detemined by tie mecthod show~n locatin of the pre breakltup quicme.nt an. vw Jtirnined
in Fig. 3. Thc related curves are denoted by the letters A using a dipole field model and. therefore. thc actual In.
through E. We chose a value of 16 kV for 4,14. as being cation may be diffecrent. For example. L = 8.2 (the 50.
representative. Note that when thc initial field-aligned po- kmn case in Fig. 6(a) and (b)) corresponds to an invariant
tential is weak ( 1.5 kV), as in Fig. 5a., the poleward ex- latitude of 69.60. Using the Tsyganenko field inodel 114)
pansion as seen in Fig. 5(a) and (b) is weak and finite, as described below and as shown in Fig. 7, this corre-
However, if OH(initial) increases to 5.0 kV, then the sponds to magnetic latitudes between 66* and 680, de-
smaller arcs (20- to 50-km wide) become successively pending on the value of K,.. Thus, our model can predict
unstable to poleward expansion, as seen in Fig. 6(a) and where breakup will be observed for a given arc size and
(b). Physically, this implies that a brightening along the closely reflects the observed dynamical features of this
poleward boundary of a previously quiescent narrow arc phenomenon. In terms of our previous comments, the en-
that is located at fairly low L shells (see Fig. 4) will ren- hancement of 4)11 causes a transition from the stable re-
der the arcs unstable to rapid poleward expansion. The gime (a large magnetospheric load in HC) to the unstable
value of E0 (see Fig. 1) obtained for the examples shown regime (a weak magnetospheric load or a magnetospheric
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___________________ locations MI. shells) 2t which %elr~conslsent qUIL% Clit 41C
"Istructuims may occur us a funlctionf or the fl4)fh.stwth ex.

00 1 4 tent of the enhanced conductivity region in the lomi

The major result,, of or breakup model arm the follow-
o.% 0,ing: 1) P~re-hrcakup strncurcs tan occur on fairly low 1.

* D shells (5). (6). consistent with observations. 2) A higher
op// concenhration of o * in the plasma shect and/or astainger

inI o A44.A westward t~tt-je shifts the conditions favorable ito
% .o' - breakup to lower/, shells. This implies that an 0' seeding

to ** of the plasma sheet by thc ionophicre during a prooged
a I / growth phase would cause breakup to occur closer to the

04. o' Tagnni i~d~o~I ~ h The concurrent unloading or the enhanced mal;
01 nctic energy stored in the tail lobles would also imply that

600 ,a. 140 10 fO 700o 0 this particular breakup would be very explosive. 3) The
Goo 6.0 640 66 so location of the prc-bricakup structure is relatively lessen-

~ Te o~n~,~ I'ncDgrae si I t ked sitive to) the electron terpe rature in the plasma sheet. 4)
%i'%1Nr 3t'$NCIK hcIJ Itwhkit hnmth thc ctvaetfiat %aloe of k nu; We fi nd a positive feedback between polewart expansion
ficli~ite t4 the weillut faoo*I K.1%%Ccn the 10the ijt Ctalmi-a and +H and prsentily speculute that this instability can
pl*t h ~5~CP~tI11Iswt~C1Mt)'k ll~i1 ~~J trigger substorm breakup. 5) We find for the cases studied
Mo.~ padumcku aQt then cqm~ A ih st quivaltnt dipole ltwInti
thiv %3 twr m4'kI %.i" -.Ar stoed i m lo ic lkWJ NI.k Th that the predtictied values fer the WVC equatorial electric
ht~k'I .urc.c tciitt XK, - S k lie~ tko~t J dent4. A, - 0 fields. Eit., are: between 31 and I I mV/rn at geosynchron-
7h,% hf~ui %Nj1Ak 1641 bhe4kilp 41;, ti I; I tfotm~h 141"11-111"41 oui. This compares favorably with the subsionss electric
%400114~ J i hgc nee'~.es~t A~. olttn1iibc field values measured at geosynichronous orbit by Ptder-

sen r( al. 1281 on GEOS-2. 6) Narrower auroral ares that
generator in the 11C). We presently beieve that the insta. form an incipient substonn current wedge at lower.shl
bility eventually saturates due to clecimn-on recombi- undergo the most violent breakup. Using the Tsyganenko
nation in the ionosphere and the presence ofinductive er- 1987 (141 model, we find that breakup should occur on
fects over longer time scales.: even lower L. shells as the magnetic activity index. K,,.

The solutions shown in Fig. 4 were obtained using a increases.
dipole magneic field model. *rhms results have been Finally. lct us consider the following speculative idea.
scaled it) the 'Isyganeniko 1141 model as shown in Fig. 7 We assume that the ionospheric current system is as shown
using the fact that the magnetospheric closure current, JV, in Fig. I and is mapped to the equatorial plane as shown
depends on it specific magnetic-ficld model (see (2)). The in Fig. 2. We also assume that the magnerosphericelcc-
ordinate is the value of the invariant latitude for a dipole tric field, E,,, in the 11C coincides with that produced by
field. The abscissa is the equivalent latitude for the same a global two-cell polar-cap convection pattern 1121. 1291.
.solution but calculated according to the Tsyganenko If E,., is negative (points lailward), it is antiparallel toi,,,
model. The six scaling curves correspond to different x and the magnetospheric HC is a generator (see (2) and
values, with the largest K, value ( - 5) at the top and the (3b)). This can occur only west of the liarang disconti-
lowest ( = 0) at the bottom. The results imply that a pre- nuity. East of the Harang discontinuity, f.,, is earthward
breakup arc structure as calculated front a dipole field and the magnetospheric HC is a load. We speculate that
model will form at lower L shells at higher K. values,. this feature could abruptly stop the eastward expansion at
This is also consistent with observations. midnight. as observed by Viking 1131.
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SUBSTrORNM BREAKUP ON CLOSED) FIELD
LINES

.Aff I1414 t (10#111 toa~. I'atiI I/Ii n,it 11-11. IleIiors, A0/ N/'I.
C.

This Poilel explains why breakup hast teen obsorved As luv As t. a %-6 An4 predicts thai a
higher cencontration of 0* in the plasma sheer Ill permit breakup At such low L. Values. It
It arRued that, The 0stoR liMornt of A GOpled curren structure within . singia Arc leads t0
A quasi-stAbla s ste~m i.e. Lte prt:-b @Akip regime. Perturbaion of the prwl-rakup structure
leadS to An Instability criterion. Certain quiescent configurations are Inherently unstable.
Thus transitions from A stable to an unstable situation can trigger A rapid poaeard expan-
sion of th* quiescent Arc or substorm breakup. In our model the kinetic energy of injected
plais frm the tmagntotAil supplies the energy (or breakup.

IN'TRDUCTION

Substorn breakup is usually preceded by the sudden brit tning Of A previously quiescent
auroral Are near local midnight. Once it is "triggered" 91he Arc dynamics in the classical
wodel Is characterized by A by rapid poleAWrd And wIStward eXpansion Ill, 12/. Auroral
intansifICAtionS With characteristics Similar to those of Aubstorm breakup can Occur In thilt
evening sector am detected on Viking by Shepherd 11l. Triggering generally occurs an the
poleward boundary of thes diffuse AUkarA whic~h can be At Invarianot latitudes which correspond
to dipolar 1-shellx As low as 5-6.

The purpose of this paper to to establish the* quiescent pro-breakup conditions which Are
necessary for triggering to occur at such low latitudes. The basic Id10A in our model is that
%h'e pre-brakup are is an Arc In which two c~oupled electrical circuits are established
between the Ionosphere and the rAgnetosphere. I.e. it is the Incipient foration of A
substorm current wedge /4/. As such It. has the basic features of the Westward Traveling
Surge (I.TS) curren systen that we have previously used /A/. /6/ and As used by Coroniti And
K~ennel /7/. As Implied from Figure I* the physical picture Is Qf two current sheets; one
flowing upward on the poleward boundary and anoth ,c :lo*,snF down~rd on the equatorvard
boundary of an enhanced conductivity region in roo ionosphere. Our approach is Comparable to
one used some Years Ago by /7/. However. we tEVat a nonzero polarization flid in the mag,
netosphere which we consider essential for the bt~takup Instability.

THlE TWO CIRCUIT MODEL

The axtended east-vest orientation of the breakup Arc motivates an approach which models the
system as two coupled circuits, one north-south and the other east-weSt. In our model these
circuits close In the magnetosphere via fieida4lignod currents whi.,l are calcuIled fro= the
mdel of 18/. The field aligned currants, In turn, are the continuation of magnotaspharlc
currents in the equatorial Plane and are dependent on the plasm characteristics thore. In
particulsr, enhanced quasi-steady earthward convection of magntotail plasma is Lte primary
energy source for both circuits. It is the consistency of this earthward convection and the
field Aligned currents with the ionospheric configuration that determines where quiescent
current systems can be established between the Ionosphere and the magiatosphera. Thle
associated auroral arcs are the likely candidates for auroral breakup.

The ionospheric elemenlts of the two circuits Is described in detail in 16!. Figures 2a and
2hn shov Lte mapping of the ionospheric circuits into the equatorial plane. It is assumed
that the magnetospheric vestward electric field, Ew., associated with the earthwa:d convec-
tion from the magnetotail Is mapped, consistent with field-aligned potential drops in the
east-vest circuit, to the Ionosphere.

JASP 110110-V
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U41 oknott, V Ai*1.1 11 vlruitx AA runinni 1.1. lonuophari.. vnm4r.4 Andi pdlevard surrgrils.
resptcLivitiy, ag ithaeo In Figure 1. The W-circuft. (hontoforth denoted WC) fit a currenit
Wcjd ConneCteil tO the VIYar earth CrOSS-tAil or ring currant, which Is ccrrespondingly
Yoeond within tho vedga In the night sector. The I-circuit 010c Is c4by An earthwAril
current, Jil, In the oquatorial. plane.

a t

J.~

-~~ ATtA4

Figure 1. a) Ilie ,ubstorm cu.erant osidga Figure 2. A flow 0hart the the.! otf
l40OSkn towards the earth from the salution usad In the Poedal.
magneatotali. Nota E mapping of the
Ionospheric currants of Ref. 161 toi the
equatorial plano. b) A tLlosoup near the
earth of the wadrge current Systom. oil and
d, donote the north-south anif at-west
diimensionst of .hht breakup regiont in the
ionosplinre.

One of the key alamettiq of uuir model In howv the 11C tucrent Is citired in the magnotosphere.
The north-souta extent, dh, of the Ionospheric current system shown In Fig'.zro I is mappeid to

an Aa the radial And Azimuthal i ones phe re -magnetoxpliore scaling firturs. ane Figure
V441 F-1o1005 A coordinatil system iII the voquatorial Diane such that x points towarls the Itin

(arthward), y points towards dusk And z northward. over the interval, dhit, tho magnutosphe-
ric curror., J1111, ca4150 thc, bulk plasma to ho. Accelerated In theo -V -fireer itn. The# dorivi-
Lion of J114j ,is xivont.iiewhore /9/ And will not be ropitateid.

whern FV, and F can be expressed In terms of the ionaspheiric tilettric fields and field-
aligned potantil? drops. 4W anti 41l, according to Kirchhoff's law

NOj M Fa(E0+44Idw)(-a

DESCRIPTION OF QUIESCENT SOLUTIONS

We assume (see Figure 1) that a field-aligned potential OW drop exists in the western leg of
the east-vest circuit and that a field-aligned potential, 4 I. exists in the polevard leg 'vf
the north-south circuit. Ynoving the expression for .J a as given In equation (1) we can
determine all the relevant parameters needed In our modl to define the %.tructure of the
pre-breakup regime. Figure 2 shovs a flow chart of the lugic used. Assume that in the
equatorial plane there Is a plasma with ion density nj. ion mass mi. electron density ne
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ill, Ant I ho alert Nns have A parallel toperaturn TI a Aml A perpendicular fooprsturn ti
T e. tnf.riunaalv, rho iarse niebr of paraneter Involved prciudlA an ash istive axpInrO-

r tn here. w'e assue that rho plasma sheet novas sufficiently Invard during rAgnaLically
disrurbed Lines 1101 o that plasn thoet valuds Apply. Thus we io nI a I a" an, T
Tol 1 a I koV. The subst-m rurrant wedge is ahla to form when the field-aligned rorntlis
ran aa~elerato olectrons t the £ .lAyer (%- A ktt, /Ill). On rhe ofher hand. v chopns )2 kv
as A rqeanable upper uInit Tj the flold-alIgamd potential drip uhich corresponds to a
t rertpilatln current (f , 30 V A! .  ing th s rAng for 4U (Seo Figure 2) rrrespends to
A net vows@ird ion ephe ri 4urrento fj, 4 - 1 .1 -1.0 Alm. bv using rhe four valuN of 4 kV.
N kV. 16 kV And 12 kV for fu nor rmults Are ihnrby parA-geritld According to the Inten-
ity of the "stuard oit± rojtt. for purposeg of Illustration the east.wvest tent of the

1,rokAp region i% fixed At X') k.-.
a,* jti, + ! 'jt .1 ,. m !4r'. l i;.

Figure 3 depicit 'h quiesrent are' stv-uc-

turps A A -nvt In oif iia Ienspharic 0".
nirlh-soulh extent of th enhttnrd V P
mona!rtivity breakup rMiln 'nd in ferns
.-f invariant I4tItwt-- r Ol I.. I
N.C. Those A'%'rnt Voy fit 4 inI 11.4. s..-
quatorial piano (111t% 4t'e'- 1111 ;
#Iian In equaton 14im. Alt ruviti In ,

this Figure word generat.te tov
locreonnting d11 in % fin toex Tho peaks
in the curves r -rraspind to the
wgnetospheric port of the kit h -c
swirlhing from a generatmr to a lad As 1increases. ihen this happens all ho tnorgy - -
in ihli IC Is supplied by the Iall generator , 44'k 64V N - o 'oo
As alisussed below tile transition from an lit
load to a g-nerator is inherently unstable.
Thus the peaks in our noJel will be cls ol. Figure 3. Quio.-ent solutions for tie
aoiurlamvd with tile triggeri g of breakup, location of substarn breakup !s a function
Those peaks ocrur at %naler values "I dh  'of invariant IntlIu l. ll, H ill orth-south
for sw-ller values tir 411. This Is due to ila extent of ril breakup rogiin. The four
rat that swaller field-aligned 1-tentinls vollaro, are values for th field ailsned
as smt'!! r IoAds In the 11C so that Ilia pIttntial drup along the wastern leg of the
i.nt-spheric Hall generator ran support thoxe circuit. Sea Figure I. The peaks denote
loads at smaller values ,,f dh . All when ih ngnetospheric portion of the Ii-
figure show that selfa¢onslstent cirvult switches from being a generator to

filescent solutions otvur rlt':er to tle boing a load as dh increases.

earth the stronger tile westward
oluctrojet (). The mgnitude of 4u see s to havo little effect on thn location at which
pro-breakup solutions (dm IS - -1 k) may occur. But both Oil and fW do affect tha transi-
tion point at which tile magnetosphere becomes a generator in the IIC. Note that the model
predicts that larger quiescent current structures can be formed at higher latitudes as seen
from the figure.

Figure 3 also indicates that incipient breakup regions (15-20 km in tile N-S direction vs.
200 ka tin the E.W direction) can occur on Invariant latitudes corresponding to dipolar L-
shells below 6 (A o 65.90) as observed by /2/. Ue have faund that solutions can occur on
even lover L-shells if the oxygen concentration is Increased or a more realistic field Model
Is used. The solutions are also consistent for surge type quiescent structures (dh % 100's
kol. That is. the surge counterpart to breakup Is predicted to occur at higher L-shalls as
observed.

STABILITY OF QUIESCE.NT SOLUTIONS

Recall from Figure 3 that the magnetospheric part of IIC is a generator If olld l EP. Nov if
increases then for some auroral arcs the magnetuspheric portion of the HC switches from a

lead to a generator. (Note that in the earlier approach of Coroniti and Kennel (1972) this
generator does not moxist since they assumtd the mgntispherit p-olariZat on electric filad
I. ero). Wt now Show that this lead tu instabiity and the triggering r breakup. IAt
u% du thils by considering thu off-et of poleward expansiun on 411 Itself. We assume that
inductive effects keep Jil approximately constant during the initial stages. By solvimg
equation 3b for t11 it is easy to show using equation I (with the plus sign) thmat 611 Inc-
reases with 6dh as long as Oil > E dl/2. That is. even when the magnetospheric portion of iIC
is a weak load O11 increases as the breakup arc expands poleward. In /6/ we shoved that the
speed of time polevard expansion Is proportional to 011. Therefore, in our model there Is a
positive feedback between poleward expansion and tile field-aligned potential drop along the
palevard boundary. Thii inherent instability initiates breakup as shown in /9/.
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The imejor meultos of our pr4;brvAlwp, Pode) Ars the follovint. (1) Pro-broxkup Structures Can
occur on faitly lev L-shells (3-6) consistent with Observations. (2) A higher ConcenitraLion
Of Olt In the pIAMM' sheeL t aJOr A stronger Westward .'.ctrojt shifts the conditions
favorable to brAkup to lower L-sholls. (3) The location of tilt pro-breakup structure Is
rel)aIVely Instilitivt to the "miecun timpersture In the Plasm~ sheat. (4) We find 4
pooitie feedback beittven "olevat- expansion Wn *I( and presontiy spe-culat, that this in-
sisbility can ttiggar substorm bpriakup. (5) Wit find for the casts stuilied that the predicti.4
values9 for t04 WJ e0uao10 lcti f10ields14, tqj,. art betwe~en 3 And it oia at stosynchr-
omse. This rommearos favorably with tilt substarm electric field! values meagurod at. Atomy-
cheom orbIt by Pilqdrseen *t Al. 1121 on CU.S-2.

Finally, lt us considier tho following speculative 1444a. Ve Assumpe that the 0m11necospheric
electric field. ,o in the Ki coincides with that produced by A Slobal Eva-cell Polar cap
convection PAter 1131. If It" Is negative (points taIVArd it is Antiparallel- to J11, And
Cho ttemtospherie Ki is ;I Iontrator blod eqluAtions 1 And 2b). This can oitcur only Wiest P.,
the 11arung disotinuiry. Nast of thie MarAng disconilnuity 5. is #Arthward And the mag.
nestospholric HC is A load. Us speculate that this feature could Abruptly stop the *AstwArd
typjanaion ait .midnight as obsorvipdi by Viking 131.
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\NW MODEL FOR SUB GTORM ONSET& THlE. PIHDREAI UP AND TRIGGEIU!G REGIMEIS

P, L, ROTWr,.0. L. P, BLOCtK 5 M. 1, SIu.ITCNI AXD C.-G. FALTRNAMMAI

Alittwelt This tt*Jcl -elhsn* why hrfeA)kul Jgu bcl _______ re r .s'0 07U--CY
obrV,,d" l o hw A I, x &Af d 11tnllts that A higher CINi
jrrkt~ohI of Ot inl the plaM11A AMt Will prIt brAkupixt r. ft. J" r
suds low 1. values. The erabbsincnmt or 4 cotspe cutrent .-c... L ~~
jitfOcture within A sillntl mec -Irad to it quX01.arable sp, \. - 0. - a 0-

rem i.. the prekbrakup regime. Pertuibation of tht- prer
breakup oructilre kads to atn iitst~bihiv rilorn. CetIAI Fig. I. The lnr lanjohann current systum for su
quiCrnt ConfigurAtioni Age wherenhlmy unstablr. Trinr. swrm breAkup that I used in the nmadcl.
11011i Wull & t oars u stab le situato can Arfti tlr X
~p~d l!VW~rd "p~nsiol of the quiese t are or suptoerin oall uod Somx )Ver ago by Coroniti and Kennl (l972J.
brekup Thc kin ec c vrt of ijfeeted pluma from the l lowerr, we ret a mixem polmiragion Ecl, i t he ia x

m~lftrw~ll th enwrny for reaup ri te which we cosider e sntial for the breakup in-

I l'TIftIll'rTl, II. TiIt' TWO IRMl1'IT MODEI.

Substo brrAup is uusilly pictedtd by tlte suddrn
IglirturiA of A prtviowly qIk5¢ent aurora! Axc ncAr Io, The extended cast-wcst orintation of the brWeakup are

$l Inidnight. Once it ix "t,Mrrrd" the Arc dlynainics ir t i;cA an Atipfurl, which md!els th# system au two
the nlisdl f lel is charcrcuatiC by a by rapid l4tward 'oupl! circuits, one north.*outh And the other cast. t.
and westward xl pnuio" [Akasou. 1974; TAnWkLne et A!.. In ac model theme circuits close in the HIAnetosphere via
19S71 Auror.l intcasificMions with characterastics similar rld,xligned currents which are calculated trom the nodel
to thoe of substorsn breakup cAn occur in the Wi" f. of Fridirtu, And Lesnaite (I 9sO]. The fielddaligned currents,
tor as detected on Viking by Shepherd ctal. 11987]. They in turn, are the continuation of inagretoopheric currents
eipand polewmad and eatwarl, abruptly stopping at Io, in the equatorial plane and are dipdent on the plasma
CA midnight Dtigring gritrAlly occurs (nI the PolcwArd charActerstiC there. In particular, enhWKced quaii.sitealy
boundary of tile diffuw aurora whirls can be lt invariant earthward convection of uiagnetotail plastua is the primary
Ititudsc which correspond to dipolar l.shlls as low A 5. energy sourc for both circuits. It is the consistency of
6 This paper otabhblihs the quiescnt pre'birAkup cond. this earthward conection And the fichl.alignvd currents
titus whirh are necessary for triggering to oceur at sud with the ionosphric configuration that determines where
low lAtitudis. quiescent current systems Can be established between the

The basic idea Is that the pre.breakup arc consists of anosphere ant tile nagnetosphere. i.e. the qumi.stable
two coupled electrical circuits bctwten the tiophcie and breakup arcs.
the magnetosplir. i.e. it is the incipient formation of asubsormcurentwede (c~hrro etal. 1931.As uds Figure 1 shows th,: ionospheric eleussents of thle two cir-
subitits current wedge [Mc~ctron Metwa.. 1973). A suc cuits which are described in Rothwell et al. 119841. We
it has tile basic features of the Trawling Surge believe that the cstablishient of a Cowling channel is Jul
\VSJ current systern that we have previously used [in. essential element of the bieakup mechanism. Figures 2a

hester et al., ISM: Rothvll ct al.. 1984) anti as used by and 2b show the mapping of the ionospheric circuits into
Coroniti and Kennel (1972). As iniphed from Figure 1, tho theequatorial plane. It is assumed that tie magnetospheric
physical picture is of two current sheets; one flowing upward westard electric field, EA., associated with the earthward
on the poleward boundary anti another flowing downward convection from the magnetotail is eal)pedl, consistent with
on the equatorward boundary of an enhanced conductivity fithl.aligned potential drops in the east.west circuit, to the
region in the ionosphere. Our approach is comnparzble to ioiOSplhere as E, in Figure 1.

We denote the W and If cihcuits .u containing the lotso-
- spheric westward and poleward cturrents, respectively, as
'Dir Force Geophysics Laboratory shown in Figure 2. The W-circuit, (hencdorth denoted
SDept. of Plasma Physi. Royal Institute of Technology, \VC) is a current wedge connected to the near earth cross-
Sweden
3 Dept. of Electrical and Computer Engineering and tail or ring current, which is correspondingly weakened
the Center for Electromnagnetics Research, Northeastern within the wedge in the night sector. The 1l.circuit (11C)
University is closed by an earthward current, Jjl,, in the equatorial

plane betweei, the upward and downward current sheets.
copyriht 1988 by the American Geophysical Union. We exp!citly derive JH. below.

The Cowling channel is a dissipative structure due to the

Paper number 88GL03581. Peers.n currents. This is simply due to the fact that the
009-8276/88/88GL-O3581$03.00 "llal" terim of power balance out. In the ionosphere the
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the tilivAttse with diffrienttAls. The plat:na cm:4s J41 in
x tiK efqual to At a if,. 11, / Pr, whec EW, is the ditwo to
dupk rkcttic firld to Ilse equtsoiAl plane. Wemasunit that
if the initiail plasma losity is urativc (castwArdl therit
is it load since both the fe.ctrtc fid. F.,. and the Cutitnt
drkssity. J#e., hie dircted e:filwArr It the lnnuat plasma
veclocity has a politive Y.collpwisint. howcvrr. t~wir is a
generator (Fr. 4 0) and the bulk plaim nwtsnn I.*4vr
ctatti. For the lo] c5 "~ sut~ An insfliod Y %vrily
of Reto. For the pentrator cWs we ussumeii the cmdorty y-

2.oit to hexro.Ths. l0V1 where the

Fhrm E And Fr. c41n W be rA its trrmso it ol
splictir~ecctric 60111A And fild.ahignct l.otetltiAl dril.+K

.U..h ad +#. according to Kiffirrhhutf, lAW
0.4f4 +*w Id) 1340

Fig. 2.a) The substornj cmiret wedge loking towards the e.u - 3I
,earth from the inigodotail. Note the oiappinig of the cur,
rents of Figure I t0 tile equatoral plane. bs) A closeup near
the earth of the wedAge current systemn. ilk Anid d. desote Ill. DESCII~'ios OF quip-s.m "soltrionS
thc north-soutlr and Cast-wot diesosof tile btrakupl
irgion in the ionosphere. We "uln (se Not1 thast a field-MAtlmg potential

+w drop exists in lte wcsito kg of timlat etrru
WC load (wvstward Hall current, parallel to the westward and, that A ficidsaligned potential. *,q, exists In thle paoke
clecirk field) exactly equals tilt, 110 grnerator (n1orthward ward leg of tile 110rth1illith circuit. K~nowing lte exiltes.
Hall current anti1parallcel to Southward polarization field). siel for 4,M. gsve$) Ill equation 12) we cars dcetrmine All
Wile" we refer. .11erefore, to tile ionosphertic 11all generator thIt relevant jIaraMIC'Ster edod 10 tdefine thlt 1truCtur of
in th011 IcCircuit, We do not mIwAIm to imlply that thlt iono- tile priz-breakup rtegimer.
sphere ist an tewg source. The ullianate mict~ sorc is Figure 3 Alows A flow thart of ltme logic wmedl. ssunie
the. Inmag'etodicmric portioni or thme %V'. This~ ehrtrlcAl ril that its tile eqmatmnrial pla:1it' there is A ;.INS111 will thminl dais
Pixy trAll.4fer frumam tilt, %VtC 14 the. If' md Io th "aty It,, full a'lm Ilkm, 1aleetrmmmm demm11tv it. is.. *11111 the
pies,~r ri-mmiraval to Aamtim :% field-xrdmmal piotentimal dirop fin
tile IIC. However, narrower breakulp nrcs 110-1 Also refquireWil u01
lte presence of a Inagneospheric generaton in thle JIC toICIK% T
$1U1t4tm A fie.Id-Allined potential alonIg thle I,olCWaruh bound- o- -
ary. As discussed below this situation is Inherently unstable
and is associated willh the triggering of substomn breakup. #%I me ta is

One or thet key eltmients or our mnodel is how the 110
current is closed in the magnetosphere. The north-south w T
extent, 4A, of thle ionospheric current system shows. in Fig.
ure I is mapped to time equatorial pilanme as d4 = 4A/F,
where F, is a scaling factor equal to A / AL F, is thle a?.
imutmal ionioim~ere-imnagntetospimere scaling factor which, in C"
a dipole field, is equal to L'1. See Figure 2. We choose a J

coordinate system in the equatorial plane such that x points
towards the suit (earthward), y points towards dusk and z "a4 i.N
northward. Over the interval, dA,, the inagnetosplicric cur.
refit, JH,, cause thme bulk plasma to be accelerated in thc aoa WaS rWaarI
-y direction. A XI Q1xINo UK

iN. x H, = djd(pV')/dr = djtA(pV1)!A1 ()

where 13, is the equatorial value of tile mnagnetic field and Fm
il =. 1,t / 3 is the assumed field line segment over which

JH, is nonzero and p is the plasma mass density. We replace Fig. 3. The method of solution used in thle model.
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cei*tIWW. li~vt at parallel tcuteraNture T11. and a perpen., -

dacular teipraturc of TAI- The modelI of Fridinal %fid 50% 0
Leinaire jl9.40 I% then umtl to Calculate the precipitation to~ 5
flux (current 4lcnstty) at the ionos; acre for both circuits
Comfirt continuoity for the ionoiphertic westward and pole

* ward cur renlt* .W antl JV gives

rormspontl to 0.) A/fit of ionospheric cut tent. Thi cor ACDcecis)
spondi to Atircular hot spott ath 1w wtctit boundatry with
a radius of 64kin. P 4 is the extent. of thle lwar~td bond H& 4. quiescent solutions for thle location of stibstorinl
amy anti Is ritinmatcd front auroral studies u being About bre.-tkup As h function of invariant latitudc. dhis the north.
20 kml The ionospheric conductivities are ealcultil using e'il xtent oif thlt breakup region. Tho four voltagrt are

the ttt~.kl of Itibmton ~tat [lns1 IIlt rlectri rjrldj udupas for the lield aliKuite potential dro;aliithwetn

insidtt- hl.tt.iiajhn Ow trent systrin lAtown ti let, uf lite tirc-uit. Se Figuir' 2. The pe-aki denote whrn
Figure I lite thsna found bY itYtinK V1uat1ons (4al Anti thilnt! oshei portion of Ihe ll'circuit switches fromt
f4b), Equations (3a) mrid 13h) Art nlow used to lintl the living A generator to being a load As ds itictruas.
rorrspondinK electric fields in the equatorial plane. Tlaei.
tc~ult6 Are insrtwl into equation 121 Current conu At which re-breAkup solutions (dI& m 1S- 20 kin) may oc-
aty. however. requires that J#J. at F.v.. where J.V it tile cur. Bloth +H and +w affect thle transition point at which
net polewardl ionospheric current dlensty (A/m) insidc the teianishr eonsaKnrtri ieIC
t~plr tik arc) Therefuor l B-I e is erm ned oew Figurc4 Also indicats that incipient breakup, regions (IS.
veulr, th- in3) orderor.1 iii dtermnulatoSae..hl hwd 20 kill tin tile N.S direction vs. 200 kill in thlt E-V direction)

ove. tat n oderto nitatetie cticlaton n I-shll ~d rAn oeccur onl invariant latitudes corresponding to dipolar
to be a-Auned for thlt scaling factors in thet FridmAn and 1. 'shells below 6 (A m 65.9') As observedl for example by
Lenmjaire 11980) model. C'onvergence is obtained by succes- TAIIIAR0 ane AL at119S71. WC have founld that solu4tions3 Call

teliteratilte cLculation1 Over L.. occur on% uveza lower le.shelts if thlt oxygen conctntrattion is
The plasmA sheet i% assultnet to fmove sufficiently Inward increased or a more realistic field model is used. This is

during 111kgnetically disturbe timeis MIW~llwi, 19741 so because thle mnagnitude of JHf, is fixed! by +N through the
that plasma sheet values apply. We set n, W 1 C111- andi T', Fina n mar 10 epeso hc tpib
n T,j = I kcV. Tile substor in current wedge is able to formo equatian and lthai (i i,110 1 exprssonat h Impluins
wthe ae (.. 4ne poenas c6))an clthe terhan we are also consistent for surge type quiescent structures (ds
choe 32Vays( a c.reasoa 1t9pper Otle to ther acdie - 100's kin). That is, thle surge counterpart to breakup is
choet2Val ao whcrespon s taperipitton currgent predicted to occur at higher L-shells as ob~served. It is also

potetia dro whch orrepons t I, recpittioncurent found that the arc location is relatively insensitive to the
of- 30 1iA/tift Uising this range for #w (see Figure 26) plasmna shaeet electron temperatures above I kcV .

corresponds to a net westward ionospheric current, JW, of
-0.3 .3.0 A/mt according to eqluation 4a. Bly using the

four v-alues of 4 WV, 8 W.V 16 kV and 32 kVY for -h- our IV. STABlILITY OF QUIESCENT SOLUTIONS
results tire thereby paranicterized according to lte inten-
sity of thle westward clectrojet. For purposes of illustration
the cust-west extent of thle breakup region is fixed at 200 Recall ftrm Figure 4 that the nagnetospherkc part of tic
kmn. is a generator if *I/d, , E,. As -6) increases sonie auro.

Figure 4 depiCtS tile quiescent Arc structures as a fune. ratl arcs will become unstable as thle magnetospheric por.
tion of the ionospheric north-south extent of the enhanced tion of thle tIC switches front a load to a generator. (Note
conductivty breakup region and in termns of invariant, lati, that in the earlier approach of Coroniti andi Kennel [19721
tude fur +n = u. McY This run assumes 50% Of in the this generator does not exist since they assuined the,- twg.
equatorial plane. All curves in thai. Figure were gener. netosphcric polarization electric field to be zero). Let us
ated by incrementing d,, in 5 kin steps. The peaks in the examine this instability by considering the effect of pole.
curves correspond to the magnetosphecric portion of thle IAC ward expansion on +H itself. We assume that inductive
switrhing frot a load to a generator as dA decreases. As effects keep JH approximately constant during Lte initial
discussed! below this transition is inherently unstable. It is stages. By solving equation 3b for *,K it is easy to show
seen that self consistent quiescent solutions occur closer to using equation 2 (with tl~e plus sign) that 6*Hq increases
thle earth the stronger the westward electrojet (4%). The with 64h as long as -ti > 44d/2. That is, evena when It
magnitude of 4H seents to have little effect on tilt location magnetospherkc portion of IIC is a weak load *j increases
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as tile breakup arc expands polcward. In Rothwcdl ct, at. Coroniti F. V.. And C. F. Konel, Polarization of the auro-
119841 we shcowed that thle speed! of the poleward expan. rat elecirojet, J. Gephys. Res.. 77, 2635.2850. 1972.
$ion is proportional to +'Y. Therefore, in our model there Fridinan NI., And J. Leinairt, Relations3hipsl between auroal
is it positive fcelback between polcwArd expansion and tile ckcctron fluxes and ficlaligned potential differences. .
field-alignic;l poteniAl drop along the polewArd boundary. Gtophys. Res.. $3, M64670. 19S0.
This inhcrent instability initiates breakup. Inhester, D3. W., W. llaunjoharmn, R. WV. Grcenwald. And

E. Nielsetn, Joint LwodimnrsionAl observations of ground
magnetic and ionospheric electric fields associated with

V. CONCLUSIONS Auroral zone currents, 3 auroral :one currents dtinng the
passage of a Westward! Traveling Surge. J. Ccophlys. 49.

We hive shown, by taking lte ionospheric current sys. 155.- 162, 198).
till shown inl Figure I and miappinig it to lte equatorial %lcllwainl, Carl H ., Stibs.torin injection boundaries. M.~t
plane, that two coupled circuits can form. One is north, nelmplicni: I'hyn.4'r. ed. If. Ml McC'ormar. 153 I.It. 1)
south (110) the other 4isat'writ, (WV), Thle 110 is closed leidel Publ., Dordrecht olIloll Ind. 1974.
in the equatoria-l plane blya current wich is consistent witi M~ern .I. .'' usladM .AbtStl
lte Jxl) force there. Thle ultimate energy source for both lite studies of inagnetloipheric substorms onl August 16.
circuits is carthwardl convecting l~ii: from the mgrie lOGS, 9, Plienological model (or substorm. i. Gtophiys.
totail And lte WC transferv crnergy to the lIC through al Res.. 7, 311319 1973.
Ionospheric )[all generator. Pleticri A.. C. A, Cattell, C.-G. Filthamiar. K, Knott,

The major results of our pre-lbre.kup model tire the fol. 1%.A. Lindqvist, R. II. MnkA,14A And F. S. Mozzer, Electric
lowing. (1) Pre-breakup structures can occur onl fairly low fields in plasmat sheet And plasmna sheet boundary layer,
.shells (5.6) con4istent with observations. (2) A higher J. Gtophys. Res., 90, 1231-1242, 19$3.

concentration of 0+ in the plasmax sheet and/or.% stronger Robinson, R. M., R. R. Vondrak, K. Mfiller. T. Dabbs. and
westward electrojet shifts the conditions favorable to break D. Hardy, Onl vaculating ionospheric conductances front
up to lower L-shells. (3) The location of the prc-breakup the flux and energy of precipitating electrons. J. Gto-
structure is relatively insensitive to lte electron tempera- phs Res.. 9-0, 2565 - 2569, 1987.
ture in the plama sheet. (4), We find a positive feedback Rees, M. If., Aumral ionization And excitation by incident
bettween polewArd expansion And 41t And presently specu. energetic electrons. Plan ct. Space Sci., !9, 225-247.1963.
late that this instability can trigge:r substorin breakup. (6) Rothwel, Paul L..Michael 1B Sileviteli, and Lars P. Block,
We find for the cases studied that the predicted values I-r A model for the propagation of the West'vard Traveling
tho WC equatorial electric fields, Ew,, arm between 3 And Surge, J. Ceo piys. flea.. 89, S941. 5943, 198-1.
11 mv/in at geosynchronous. 'is compares favorably with hped .CC 1Agr .S upie n .Vt
alhe9V suson elctrcfelOaueSias.dbyPdrsne lance Jones, Auroial intensification in the evening sec-M. 1M) o GEO-2.tor observed by the Viking ultra violet imag-r. Gcopliys.

Finally, consider the following speculative idea. We as. Rles. Idrf.. 14, 395-398. 19S7.
sulne thlat thle Inagnetosipheric electric field, E,,. in thle hic 'ranskan:en. 1 , J. Kangas. IL. Block, C. Kreznscr, A. Korth.
coincides with that, produced bv a global two-coll polar cap Ji. Woh 1.B. Iversen. K. M. Torkar, W. Riedker. S. Vila.
convection pattern. If Et' is nerjative (points taitward) it is land, J. Stadisncs. X.-ll. Classineir. Different phases of a
antiparalkel to Jit, and lte miagnetosphecric 1IC is a gener iantshrcuboi olJe23199J.Gpy.
ator (see equations 2 and 3b), This occurs west of thie Ila- mespliri 9sub4tor457 onJne29S79.J eoh
rang discontinuity. East of the Ilarang discontinuity I,, is le. 9 4375.I7
earthward and the inagnectospheric hIC is a load. We spec- L P) Block and C.-G Filthinnar. Departmnrt of Plasma
ulee that this feature could abruptly stop the eastward PhscRylItiueoTcnlgyS104Sokom
expansion at idnight as observed by Viking IShepherd et PhscRylIsiueo-cnlgSO 4Sokon
al., 19S71, 70, Sweden.
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ABSTRACT

A brief review is given of dynamical coupling models between
the ionosphere and magnetosphere for auroral phenomena. The
models presented include local and global effects as well the
temporal and steady-state aspects of the westward traveling
surge. .,.tails will be presented of how the generation of Pi 2
pulsations anti the notion of the surge are related.

I. INTRODUCTION

In this paper we will review various approaches to the
problem of magnetospihre-ionosphere (H-I) coupling during the
formation and propagation of the Westward Travelling Surge
(liTS). There are various ionospheric signatures which are
associated With this temporally active portion of the substorm.
For example, it is observed that enhanced conductivity regions
can sometimes propagate with speeds between 1 and 30 km/s.
Other features Include energetic precipitating electrons (1-10
keV), generation of Pi 2 pulsations, and distortion of the
global convection patterns. It is also important to point out
that the high temporal resolution (1 min) imaging systems on the
Miking Satellite have just begun to provide a wealth of
observational information which must be integrated Into any
model for substorm dynamics.

lhe next section of the paper gives a surgry of a local
model of WIS propagation developed by the a-ithors 11,2). This
discussion will be used to define various mechanisms and
terminology and it will provide a frame of reforencu for
comparing different works. Following this, we consider global
steady state models for calcula Ing the ionospheric polarization
electric field using empirical L..rrent L; ckage criteria. Next
we develop temporal models wherein we consider the role of the
active ionospheric feedback as a mechanism for propagation of
conductivity regions and the generation of Pi 2 pulsations. In

Scientific Publishers, Inc., Cambridge, MA 02139
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discussing the various temporal and steady state models we will
uLili:= a block diagram format which should allow the reader to
quickly see their similarities and differences. Lot us now turn
to a discussion of the local modal due to (1,2).

II. DESCRIPTION OF T1E LOCAL MODEL

The Westward Traveling Surge is a large region of auror4l
brightening that occurs near local midnight during substorm
onsets. This region generally moves in a northwestward direction
but at times is seen to move even eastward. The V TS has also
been identified as the source of PI 2 pulsations (31. What we
have tried to do over the past few years is to develop a unitied
mode) for tile WTS that explains both the motion of tie surge and
the generation of the PL 2 pulsations 12,31. Our approach has
been to model the Ionospheric response to the precipitating
electrons rather than first Identifying a promising
magnatospheric mechanism and then determining its effect upon
the Ionosphere. While this may appear to be a someuhat backward
approach it has the advantage of starting with a tractable
portion of tile problem whose solution imposes conditions on the
far less tractable magntospheric source. It is Implicitly
ass"med in our model that the [nhuster-Baumjohann current modal
(4,,5) represents the iottospheric currants inside the surge
region, (see Figure I).

POLEWARD BOUNDARY( 5+0++' 0 + ( C +
I N

vi : 0 Ep 11 -0 0 -0 -

Figure 1. Inhester-Baumjolann ionospheric current system model
for the WTS

We will consider tie motion of this current system and its
coupling to the magntosphere that is the tubject of this paper.
While the recent Viking results indicate that tie formation of a
surge may be far more complex than previously thought (6), tie
present model is still considered applicable for individual "hlot
spots". The surge is created by an external electric field, Ea
(Fig. 1). This field drives a westward Podersen turrent and a
poleward Hall current. The Hall current is closed off into the
magnetosphere by precipitating electrons along the poleward WTS
boundary. Closure is governed by tile parameter, (I. In our
context. full closure ( a ml ) implies the full continuation of
the ionospheric Hall current inLo the magno:osphere via field-
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aligned currants. In (1) we found that the WTS motion in the
midnight sector Is controlled by (1) the energy and flux of the
precipitating ilactrons, (2) the electron-ion rocombination
rate, And (3) the degree of current closure on the poloward
boundary of the surge.

On the basis of work by [3,71 there Is clearly a
observed relationship between the WTS and tha generation of I'I 2
pulsations during substorm onsets. It is natural, therefore, to
look for ways in which thin could occur using the current system
shown in FigurQ 1. IL was detormined 1i 121 that the north-
south current In the WTS could produce standing waves duo to the
reflection from conductivity gradients Along the surge
boundaries. The surge serves as an AC port to An equivalent
transmission line (8) fored by the attached magnetic field
linas. Under the right conditions this port can resonate with
the transmission line anti Pi 2 pu)sa flons will be genarated from
the ionosphere Into the mgnetusphere.

Ono basic Idea In our model is that there is a quasi-stady
state (DC) component of electron precipitation thnt is dopendont,
upon ho tcmperaturo anti density of thhe plasma sheet boundary as
well as on a potential difference along the field line. This DC
component modulates the Ionospheric conductivity And controls
the speed And direction of the surge motion (1). The Interior
of the surge has A higher conductivity than the surroundings due
to the enhanced precipitation. The current carried by
precipitating energetic electrons In the interior surge region
is assumed to be precisely balanced by upuard flowing lower
energy ionospheric electrons. Therefore, Ionospheric current
closure Into the magnetosphere is assumed to occur only at the
north-south boundaries.

During substorm onsets there is a transient Injection of
electrons into the ionosphere from the plasma sheet. The
associated transient current is Assumed In our model to coincide
with a transverse Alfven wave that initiates n feedback
instability between the magntosphero end the ionosphere In the
surge region. This Instability produces a complicated first-
ardor AC component in tho precipitation current that rides on
top of the DC component as discussed above. The frequency of
these oscillations tend to fall within the 1 2 band (4.0 - 160
see in period ). The first and zero order effects are not
decoupled. The DC precipitaticn flux and energy conteols the
frequency and damping rate of the Pi 2 pulsations.

The ionospheric ionization density is governed by the
continuity equation as given by

ON - QJ11/e - r 2  (l)
at

where Q is the oneray-dependant ionization efficiency as given
by (9), j 1 l/e is the electron precipitation flux, Or is the

205

55



eletron-ion recombination rate III Lila lnospharo 4nti N is the
101n1211Ioen density In Elhe ionosphare. The current clutra %lit
the polowird boundary in given by

JIi - 3.1 (2)

where J3I i e polaward Hall current And n Is tE closure
parAmetor Along the poleward boundary. J is related to N by J3

rJOwhere Ell Is thla Iall conduictivity. Novlw o NIB Owe B is
Lila mignatic field AL tile iono1SPhee. BlY Combining theaSQ
VOeLaionshlps Uithl CqUAtIOn (2) thenI eqUAtIon% (1) be0COceS A wave
equation If we momentarily Ignore tE recombination :arm. The
phase veilocity of this Ionization wa Is given by

*x QhlVdci(3

,where If Is tE Iotospheric, height over which Q Is significant
And Vd - EaIiI. We use A coordinate system iii which x pohin's
north, y points vest And z points to hE :enith. A solution for
the case Including electron-ion recombionaion, has also been
obtained by Ill. It was found by 110) that the surge motion Is
moduliatedI by the ratio of tila Interior precipitating vurreift And
Elhe closure current on cte boundaries. If the upward current
density roquired by current closure Is larger titan the current
ne0eded to sustain the zero order level Of Ionization (No) Ill the
surga Interior then the surge coves polevard. If it is loss than
cte surge twvas equAtorward and the surge Is stationary If the
~wo upward current denisities are equal. Oar cede!, therefore.
predicts anl auroral brightening .11011S thea poleward Nurge
boundary coincident with tE poleward leops as obsurved.

E*quations (1) And (2) canl be expanded Into zero and first-
order terms. Thu zero-order terms reproduce the results lit of
Ill And the first-order terms now Include tE effeCt uf tE

Alfvun wave propagating along tE field lines. This Is Soon At
the ionosphere as an equivalent AC impedance 18).

Z u I ZO cot(u(L/VA -nw)()

whore ZOWIJoVA is thla characteristic impedance of the~ eq~uivalent
transmission line. tjr Is the frequency of E Aifven wave, n is
tho code numbur, 1. Is thea length of the field line between thie
Ionosp~here and the equator and VA Is the Alfvon speed (,1000
kmls) In E magnetosphere.
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Tha dotails of the first-or.loa thaory are providad elsewhere
(2). t is Imprtant to note, houwvar, tha one wbtnins IhQ
scaling rolation

An$ a Vx/fr (5)

whore An, Is the north-south vavsolongth of the 'I 2 mode hialng
the A froquency fr- Vx Is proportilna1l to the :oao-ordor speed
o! the propagaLng gradient. Vt1 ro4,on lplios thAt An% Is
roughly 100 ka for V about 10 kmlx And fr is about 100 s. This
is a roalistit value rhtrarcri.Ang Eho enhancd conductivity
strip of Eh WrS region.

I. GLOBAL STEADY STATh HODEIS

Let us turn now to t nurA nIat Ions of Eh local modal
presented hore. In hlis SOtCorI Wu uill disCusNS hu global
Steady XtALO

C i
(X) ASSUMPTION

-I

Figure 2. Global steady state models

models of Kan at al.1ii., arkiund at al. (121 and Kan and
Kanide 1131. All three of these works can be represented
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schemAtically by the block diagram shown In Flgtu.a 2.
There it is seen that. an assumed enhanced oval conduct iv ~y

distribution 1, ( x), and An ambient two-celled convection
electric (ilid Eo?x) Is used to calculate the polarization fild
via A closro condition. The parameter x donates longitude And
Ilitude variaoles. As In the local modal of Figure 1, Nan at
Al. 1111 And Kan and Haida (13) use the Assumption that only
global Hall currant Is partially CcSed At the Conductivity
boundaries. Marklund at 1l. (121 argue that l.ill current
closure Is not sufficiently general especially wheon one
considers thla dusksido of thle auroral oval. Tho Ambient
electric field drives A NorthWard Hall currant that gives rise
to A southward polarization eleictric field And current. As a
result HArklund at al. (12) introduce A closure assumptio9n that
focuses upon "Typo IVH currentLs that flow As a result Of
conductivity gradients.. In bith the work of Kan ut al. And
Markiund Qt Al. thle CAlculations. Show that Stronig polarizationt
riffucts tend to Imipose A clockwise rotation on tile two-celled
convection pattarn. This feature is consistent with
observations and is A generalization Of thel 3iMple Case shOW11 In
Figure 1. N~OW that MArkiund at. Al. assume a uniform
conductivity distribution whareas Kan at al use one with
Gautsian profile cantered at local midnight. Hoth models,
tiowevar, produce qualitatively Lhe same results. Thu reader is
referrud to thle two papers for A more detailed comparison.

It Is seen from Figure 2 that thle field-alignad curren,
Jlj~), cn be considered as an Output Of thle Steady state

ceas at and Namide (13) use this current to empirically
update thle Ambient conductivity distribution using A procedure
based on the* generation of energetic precipitating electrons via
field-alignedl potentials. Those potentials are correlated to
repIons of upward field-aligned currents and negative
ionosphieric cha-rge dens111iis. As shown in Figure 2 via dotted
lines an iterative procedure in used which results in steady
state solution2 which exhibit certain dynamical features of the
WTS. It is important to realize, however, that the Kan and
Hamide procedure Is strictly A steady state model, not a
temporal one. Kan and Sunt (14), however, Incorporated the
conductivity enhancement function and Lila Iterative prucedure
into a temporal schema which will be discussed In thle next
suction.

IV. MODELS FOR TEMPORAL. PROPAGATION

We now consider sevorhl meLtods for describing the ta-mporai
evolution of Liha M-1 System. It is essential for this problem
that an acLive ionosphere be inuluded in thle modeling. Figure 3
shows a block diagram which illustrates thle essent~ial features
of the various approaches discussed here. A comparison of
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FIgures 2 And 3 revoAls that Lila 2lt4dy-sAto models differ from
tho terporAl Ones In thQ seno thlt An Opan letp systen diffors
from oil utth faadb4ck. For our 4pplirntlon rha feedback In
impesed by an aiLlv lonuspharic nodlfiatlonI uhich Is driven by
the field-alignod current Jll(x,). The conducLivity changes
are govorned by the saz.a mchani s thAt governed the dynAnics of
the lucal model described In section 11. There recall thAt
equALtIn (i) QqUAteS 0he rate of COnducrlvity Increase to Lie
difference between the IonI:ation driven by J11 and electron-lon
recomblontilon. Thus the feedback Inherent In quation (I) Is
the VAJOr difference between staidy-sato and temporal models.

Another difference bet en Figures 2 and 3 canters upon the
model used ti doscribe the H-1 coupling link. For Ll Stoady-
state cAas varlus types of cl. ure hypotheses were used.
Indied, this methodology tan Also itoilized to describe Lthe
temporal etolution. Figure A shov .s expansion of H-I block of
Figure 3 using this approach. The local model described in
sOCLIon1 It Is a result Of 0ae nochanIms illustrated in Figures
3 and 4. Clearly One could extend the global steady-state
models of KAn eat al. 1ll and Harklund at Al. (121 to
Incorporate the ternporal feedback of Figure 3. Zhu aod KAn t151
did this for the nodal of NAn at Al. 111 but with the
constraint Of complete blochage of lII currents via
polarixation olectric fields. In

1:H (X, = O) [ M -I
MODEL,

I KI"H ) E EISPH (XI

6 1 11 J 1 IX ,l) -J P .J H

. R[CIPITATIu ELCTRON ENERGY

Figure 3. Hodels for temporal propagation
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1H~~~( (XX)LSUCC~~) Xt

Figure It. Kagnatospharic-ionospbaric couplitig via current
closure

that local slab modal previously discussed this would correspond
to assuMaptions1 which would result in a northwestwa-rd to westward
propag~ation Of Oil: slab region. Uslitg thle III-t global
distribution of thie driving electric field, E0,(x), And An
Initial conductivity As used by Kati at Al. 1111, Zhuw And Kati
1151 indeed find thaL the conductivity patterna eshibitx aI
westward InLrusiOnl accompaniod by a clockwise Shift In Lihe two
call convection pattern due to polariZALIOn effects. To date
no Oo has yet. extended Ohe steady-state model of Harkiund et
A.". (121 La incorporna the temporal feedback of Figure 3. This
would be anl Interesting exorcise and should be helpful in
assessing the Implications of thle more general type 11 closure
Assumptions.

Another Approach to tile description of thea H-r model of
Figure 3 Is shown lit Figure 5. There It Is assumed that the H-I
couplinlg is ,I dynamic process. It. iv govetrnud by thea
propagation of Alfvtin waves along thut fluIX Luba connecting thea
Ionosphere avid thle cmagntosphere. As Indicated schematically In
Figure 5, mAgnetosphora anti Ionosphere Input conditions provide
thu drivers for Incident and reflected waves in thea flux tube.
This approach was utilized for quiet conditions by Atkinson
(161, SALO 181. Hiurd Anid SILO (171 and others. IIn that Context
the global rtuchaitism of Figure 3 was described as anl Ionospheric
feedback Instability. Hiura and Sitto 1171 porformed anl
extensive glotal simulation of the evolution of quiet tima
Auroral arc sys~temns. in this work It was assumed that thea major
cooponent of upward field-aligned currents were carried by
relatively cold electrons. Energetic particles would be
produced only when the upward field-aligned current exceeded a
critical threshold. Thus thea characteristics of a quiet arc
system are governed by the flux tube Exil drift velocity and thle
Pilfvdn wave bounce time. TMs results lit multiple Arc
structures which propagate at roughly 0.2 km/s and exhibit
scalt, sizes on thla order of 10 km. This is in contrast to tile
local model of the substorm syste-m described in section Il which
propagates at speeds of 1 to 10 km/s and exhibits scale sizes on
tile order of 100 km.

Geneiration of PI 2 waveforms Is an inherentL feature lin the
model described by Figures 3 and 5. In the local first-order
model of Rothwell at al. (2) thea flux tube was assumed to act as
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a uniform transmission line for Alfvdn waves. MIreovor,

MAGNETOSPHERIC
INPUT CONDITIONS

f_ LUX TUlBE Ell .

REFLECTED MODEL (ENERGY
WAVES I Of ELECTRONS)

W INCIDENT WAVES

IONOSPH(RIC

EH(XI) INTERACTION

Jr?H - E I$PH (Xj)

Figure 5. Hagnetospheric-ionospheric coupling via Alfvyn waves

properties of the Pi 2 pulsations wore connected to the zaroth
order propaRation of the ionospheric enhanced conductivity
region. Kan and Sun 11,1 combined the Alfvdn wave M-I coupling
of Figure 5 with a modification of the loop in Figure 3. In that
case the temporal derivative box was replaced by the
conductivity enhancement function of Kan and Kamide (13). Their
procedure results in a temporal schema involving the discrete
bouncing of Alfvdn waves into the ionosphere and the generation
of "steplike" PL 2 wavoforms. It is relevant to note that Kan
and Sun (141 discuss and review aspects of H-1 coupling which
are beyond the scope of this work. For more details the
interested reader is referred to the references cited within the
ian and Sun (14] paper. l,ysak [181 examined the implications of
considering a nonuniform Alfvdn transmission line mechanism as
the M-I modal of Figure 5. The nonuniformity can be caused by
density gradients along the flux tube. It was first discussed
by Mallinckrodt and Carlson 1191 in the context of quiet arc
systems. In his numerical study I.ysak (181 showed that in
addition to Pi 2 periods (% 100 s) local reflections of Alfvdn
waves from density gradients could produce shorter period (% 1
s) Pill wavaforms. Moreover, it also demonstrated the importance
of feedback instability and propagation mechanisms described in
section II. It is interesting to note that Lysak (18) does not
have to distinguish between the zeroth order role of the closure
parameter a and the Alfvdn wave feedback instability. In the
context of his simulations Lysak Is able to obtain self-
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consisrnt propagation and axpAnsion of an einhanced conduciLvity
ralgtiu coupled with Vht onddL of a faedback 1nSLa1II|iLY.
EsSentlally itt AnsAtL of 010 U i)Ara dotr is replaced by a
definition Of tho ag4notosphoric genorator region. In tih local
Model of section 11 we hAvd ipliciLtly osswed LhAt t;re could
IM different physical mechmiris prasonft duiring the zeroth ardor
Initiation and conductivity propagation ad tlhe first ardor
06ringinlg" of the M-1 system. For example, fhe zoroh ardor
PochAninm could bo closely coupled to the tranfient devdlopment
uf a subs orm current wedge uheroes the tuiLO diffrit Wtuady
SLAWO confiKuraLion of Lhe uadgt might 4CL.Urmlnu Lh
chrActrisltic:s of tho M-1 flux tubO/ganerator region during tho
generation of PI 2 or Pill WAvOs.

V. COC:.USIONS

In this paper t IAve reviewed several different approaches
to Lhe problem of relating subsrorm dynamics to M-1 coupling.
AL present, it Is clear that more work needs to be done
concerning the nature of polar1=ation electric fields And thO
physical basis for the closura paramuter. a. Martavar,
observations can nov play a critical role In helping to
discriminate Amongst various mVchanisms. Fur exazple, ond
prediction of tho local modal of Rathuell oL a. 1,21 concerns
the scaling of Ionospheric standing waves that arlse during the
feedback Instability. In this case tho Ionospheric wavelength
scales As irh PI 2 tlim period Limas rhe propaLtion velocity of
tho zuroth order slab region. Sou uquation (5). In a re nt
work, Rorhwoll at al. (20) performed a prullminary ccoparisun of
this result with data of Tanskanen at al. 121) and ubLainad a
reasonable agreament. This Is porhaps onn the first attempts to
unify the chraccturisrics of pulsations, which are currelated
with substorns, to tho dynamics of an enhanced Ivn,)spharit;
conductivity rogion. It Is our opinion Lh:t such a unI|ficatlon
Is 40 essentia1 lngrediunL for a coherent understanding of the
M-14 c4.ipling processes during substorms.
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A Model of' the Vestward Traveling Surge
and the Generation of Pi 2 Pulsations

P. L RotlHwrtL, hN. H. SILEIvTCH.1 L P. HLOCO AND 1P. TAINSKANICN4

A m 44 ok the td trattint; mile (W1is an! the Icenrition Air li 2 puwition, ii' r 'nici heit
Pvctitmi work conratctl on the motion ofk the" at A forsetion of the piciptatng election erg)
and the cotwsca len arition of P'i 2 polionsw %iA ;A fecek intlailty No* *t look in more derail
iii the phliloal apnio~ u"c ina 4eraitg the prwet modkl andf the rclation* betiatVn the r*Uo.otdki
and lith flnimorkr Motions. toirAinit are plAced on the tlecroo temra~faturc ajmencry In the
r'Ja Aheet by icquiting Ilse Pi 2 rulutions to be bouraked, It It found that the eleciftm raturc
afiiltoa ii tlse p~tmaua illet pl-a maort role in atierminiall the directmIon ithich the turps: %iill

~juteNaronr sr~s r~ure rete.el~trn eatngpdfirlk-i 10 the MaSnt$ IeId tfr poetr
mwilif. Slore enehtte ec~ton iltvciphrasin it ptdkitd to pioduct Pi*reune 2 putalos.i
P01141104n9 O&Wu In mult111il bursts ith thie nae9fr-al between bunrietit W11 shorit for Shwifr deld
lime. tnttiAl amptiwde And pliic Contdittons are ci~al in dtitmnfln the pu lts th The dominAnt
perio of lt Pi 1. pulstilon It found to ke equA tot IAke the "Orth-souh di""Sinon of the. SUrge diskd

1 fltrm %shih 1; proipocitinAl to the vk*eaad Woloy of the bouil .fiIn-ily, %A: ow that the
p4tustd Jiurtie %chtoele and P; 2 puklaison rpiot measurvd disring the stisnctoipheri subitpim of
June 2.1. 1979. oft nutint %hah our anoll by noingl the directon or the surge motion. One can use
the rtidl to olltitc the nisgnttulk of the pmolaton clecuk flW. We find that it is conosiclnt -Aith
Mesfg the b% onst1 keonyitd,

EI. lTh)tVeilo. ever, that Our mt)JCI dealt wsith the jonujpeIjCf 1 0POnWC t0
Thet s i tI1~f I clihl %UftC (WTSI is U large regtion or clecron prcelpit~tion. so that direct changci in the mag.$

urora! Ileighteningl that oecurt near local midnight during netospherlic sourcej(l. $selt 0s thle C1031ti1n Ofra 110A hot1 pot Or
Substorm onse:ts. This region generally mlove$ in a noth.,est. thle radting of an oild one. could produce dynsmic ces not
,AtJ idttetion but ut ltle* is t to foove even castwtird, e11-11plicab by the present model.
The %%T'S has also been identified cis the source or Pli 2 pulsa,. Tile surge is ceatd by an eaternal electric field F0 (Figure
tiO.%C What WC hAVe tried to d11 MCIr the past feW Years IS to It. This field dive a4 westward 1Peskisen current and :I pok.
dvlop a unirkes model ror lte WTS that explains both thet wktid flail current. 'rive nall current Is claotd otT Into the
lmution ofr the surge and thec generation oir tic pi 2 pu~Atkfll5ns agnetosplitre by precipitating eletronts along the pokAwurJ
[Rolhitrit rt lot, 198.1 91561 (hereinafter referred to 'is paper I W"IS boundary. Tilt paramecter Y fit a mecasure of current clo-
and pa14er 2. r ctIfVely). Our AprOaICh flat fleen to mlodel sure effictenicy. I.i-ssk (19961 hlat discussed the physical tnter.
thse Ionospheric respons to the precipttating elections~. rilatlrr pretatton or thlt 2 ptratnercr itn term% of a posibl M!18
than first Identifying a promising mnceo~phefrte meeha'Asm ncoplc souruv ond its coupling to the flux tube
and then dleterminingl Its cll'ec upon the Ionosphel~re. yihile ionotphere system. 'rte render is referred to that paper for
this may appear to be it sotncsshal backward approach. it 11:% mtore dctaili Ii ourecontext. full closure Ix- I Ilitr es the full
lte nivAntage of stating with a tractable portion of the prob. Lotiliuatiott of the tonospliric Hall1 current into the m:1g.
kem whose solution imposes conditions on lte fir less trsc. Ii'lefee %13 ficld-Abgned Currents. In paper I we found that
table Itnagnelosplcrie sour#., tilt %%7S motion fIt thc mitdnight scctor is controlled by (I lIthe

It is itoplaclily assunted Ini our toodel that tile lnheter- energy and flux of thle prccipitating elctironi. t21 the election.
hl:11t111johatan current model L111ieer el sit, 1981. Bijuirtja- ton recombinatton rate, and (3) thlt degree of current cloture
hann. 19X31 represents tite iortosphersic cilrents tn~ltde thl, oni tlte polewaid bourndary of tilt surge.
:.urge region (see Figure 1i. It is thitimotion of this current On tle basti of uosk lby Repijuuecr (Jiil XSufitt (19811,
sstiin and its coupling to thle magnetosphere that are thet Ssaiiiuai (19H31. Xuanosai attd Rwener (1583). latst~ ci All,
subject of this paper. While the recent Viking results tndicate LIM]2. Leveir ri tit (I9M]. Sianler rt cAl. [1983. 198S]. and
that the formation of a surge may be rir more complex than Grlpt r oft [1987). there is clearly an observed relattonship
previously thought (RuswJker et A!. 1987]. thc present modcl between th.e Wi'S and thle generation of Pi 2 pulsations during
is still considered applic~tle for individual "hot spots" as well substorm onsets. It is natural therefore to look for ways Ill

as ror the more classical type of surge formatton, Note. flow. ithich thts relationship could oc-cur using tile current %)'Stemn
shown in H'gure 1. It wais determined in paper 2 thatt pertur-
bations in the nortlt-south current in lte Wi'S could produce

'Aisr Force Cietiph)ics Laboratoty. iianscont Air Fsirce Mta. statndting wa~ea due Ito the reflection fromt conductisity gradi.

Ccnter toir 1Ulectragnetiws Research. Noriheaitern Uniwersity. ents along thle surge boundatries. The surge serve-; as an ae
tiaittii. Nti~chaiset~.port to tin equivatlent transmnission line [Stira. 1982] formed by

10epAritent of l'aitua Physims Royal Institute of Technology. the attached magnetic field lines. Under lte right conditions
Stoelliotni. S% edcl this port can resonate with the Alf~n wavcs that propagate5tDerarnent of P1hysic University orouiu. ouiu. Finland. along the equtvalcnt transmission line, and Pi 2 pulsations will

Copyright 1989 by the Amertican Geophysical Union. be generated from the ionosphere into the magnetosphere,

Prier anmber 7A9356. One basic idea in our model is that in addition to the ac
014X-022711s8,007A-936S0.00 (Alfv~n wave) component, there is a quasi steady state (dc)
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~Lau~.g.~.~aqv eccirole tclemif#1is iuni'olropy int lte pl.altut sheet hctt:'lf

in section 21 we will reclew tilt rto-ordcr WI'S theory wl
L fiI ..... rescwd let paper I In section 3, P1 2 rul~iteoms-il t

- - treated acwttlig to the flim-ortker thcty deicloped in piper
- =Q~~ 2,.Scc.eion .1 deals with the pulse shapes and their 4crictitenex

ligI lltetc~ltcumohnil eontirthc aaiient s),61ca (in. tin itill conditont andi on the etron precipitation cncrgy
J~slr rt 0 lYSI, XtMJg 41 'i 9s Gi f r~ the ucOwAtn l ts Sci.tion S conipares the mitode with three owicis ohiecd4 till

WI 'lhl% inM(l (olms thilt~ W (c lr the mo"l,4 re'telMd 0 It"% June 2..1979. Fintally. section 6 sumnuflees atnd teenti thet
t'J~.cf Cotel"Oti f ti l t heJi.PcF. In tilt appendis we hAte comtwitl

.1 %Vry sinmple convctionl 1od0l to Jusiiy tilt attumpioutn

corn mrst of electron ciepitation that it decilknt ;.pon 'tied ill interprctin; thle eperimental data.
the temperature and density of the plama sheet as well at on
the PotecW ditfcrcic ~isong the: field line. ThkA sk CoImonent 2 'e nOi Uq(, stls
modulAtet the linophictc wrndu.ctivity:%nd controli the speedi Il his eeoon %V biefly review lte motion ofC the po~lc~krd
and directiont of th %~urge nimoo (rarer 1), t'qcindait% .t erived oin palcr I Aloing thlt hountldify 49 ito

The intesror lhc the v W4geh a higher conductwy tu1t1u thc 'LIielsuctasey pfareet tha.t inoie I'd CvlWI~teie *it the elctiron
ettersor tve au'e or crnhansved lptccpititeon. The tetent vat PICtpitllott *-.)ni thit neosh rTh iono~pktric istnii-A-
tied by rmipitatint enretic electrwn Ili the Intiot wrjIe Ilon Ocnsity in lte Sradietit regionc is governetd by the conic.
region s it wcd to be ptecistly bolmncd by upIW-1"i 1OWtnr, nl~lny equation at given by
foutr-energy ionspher ic electrons, Tficibrore tonoslwc r
rent Closure into thle magnetos0phi~e is U11unted to oCcur 0111) Qit, e - (I
lit the Suite boundarlies. %%here Q i% lilt energy-slepetadenI iocltation ecficccy us given

o~ur ini subo;,t onsets there it tran'ient inetion orelec. by RivS fr11)'1. ,,lvi lte electron precipitation flux. a, isthe
Irons into the iontosphere frorn the plitma sheet Th1C atii5t lciu.s recoiinaition rate. and N it the ionition den-
attd transitt current is assumed in our titoel to coincie %sty in, tlt ionowpicre rise cucriett closure: on the poleward
%%ith a transverse: Al~tn witc ae injaeanic~~id Glaiuneieu' boundarfy i, gixegi by
1964) that initiatei 3 lecdOmck imttahiuliy isctween the mig.
nctosiphtre and the Ionosphere in the surge region. This inita. a- i12
bslty prodluces a complicated tirwtoldcl ace cottipouteti it) the where J vi lilt pilemird I bill cutrrent aend 2 ist the Closure
precipitation current that tides on top or the dc eComponet t patratmuer along lte poleward boundary, We use a co-rdinate
diiscut"e above Thte period or these ocllgtions tenids to NOl sYsmln int which x poutla north. y points tesi. and :poits to
,Aithins the Ili 2 band (40-160 4) Now the first. and 7cro-orticr te itutith. J is relatted in N bly J so 1,. where X, is the
effeicts are not deeoupled. The de precipitaion flux andi energy lcheiicgrated Hal~ll conduceentty, Now Xis -v N/If.whert If
control the frequency and damping rate or thc Pi 2 pulsations. W~ the mcagnien fiel ilt thet Ionosphere
as we will wee below. This approach it significantly different fly comnihing these relationshcips with (2), equation (1) be.
frorn that or Lysak [1986]. which assuntes that all the electron conics at waite equation If we monmentarily Ignore the rccombi.
precipitation is associated with the Airvin wave, Also. our 1iatiout termt Tile phase velocity of this ionliAtion waite is
model considers the ionospheric responit to the Altvin wave given bly
to be localized in the surge region. not global in nature, us in
the work of Zh~u a-wJ Kaen (1987). Comparisons or our work hti
with that or Kan et at. C1994]. Kein aned Kamlde CO9NS], and where Is is lte ioncosphteric height over which Q is significant
Kan arnd Sun (1985) are more fually discussed in section 6. anti1d a I',11 ,,lI' 0.25 l'iv.

In the work oC Ruthel l ia at. r19881 lite results or Frodrn A solution rir the velocity or the luilewatrd boundary in.
aned ILemare (1980) were used to relate the dc precipitation cluding elcctron-ion reconhintton~ cirects itas ulso been oh.
flux and energy to the electron temperature anisotropy in lte twined in paper I. l.,,deir lite asiuniptioti or constant closure it
plasma2 sheet and to the potential drop along lte field line- It wa r(itI that the equationts greatly sinmplified by transformi.
was found that the damping rate or the Ili 2 pulsations Is ing, the sysen toi I coordinsate fratnce moving at the boundary
calculated frorn the results or Fridman tend Lcimaire closely spee. (A more exaict treatmeti or boundairy propagation.
followed the envelope of the growth curves as calculated fronm however. nmust take into account time- and %pace-dependent
the feedback Instability theory o( sato 61982), The physical closure.) lit the moving fraitie the conductivity profile of lte
constraint that the Pi 2 pulsations be damtped imposes it mini- boundary rettaeincsl constanmt aind mncatched the flall conduc-
mum allowable value on the ratio ;.,!v. where 1., is lite north- tivity inside the surge mat v - 0. (Note that x is the poleward
south dimension or the surge and :z is the closure paranieter. coordinate here. rathler thani :. its oin patper 1.) icc the stationary
as defined above. It was (o:tP~i that narrower surge regions rinc lte Itolewaud boundairy speced aIs given by equation (22)
1 - 100 knm) required preferential electron heating parallel to BI in patper I is
(the magnetic field) in order for polcward motion to take - -GSUI1EO2J~l, G - aflki t31i)
place. For thicker surge regions (-300 ki). polcward motion
w-as allowed even when the el.-etron temperature perpendicu- where ,g1 is lte upward closure current just where the bound-
lar to B dominatecd the parallel tcemperature. The precise value ary joins the surge interior atnd ll,0 is the height-integrietcd
of the threshold ratio, which we denote by (Aj).depends on I fall coinductivity in the surge interior, which is maintained by
the electron temperature ratio T, .17 in the plaisma sheet. In a precipitating llux it~*Using X". - aIN 0/B. where N, is
this way the dynamics or the surge motion is controlled by the the 7cro-order ionization level inside the surge region which is
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gi"v" by (ciingeW,)'1. we have 2, while the, lead to ri null result In the interior %their Np i-,
R~I,,&tumned constant. 'rht lirst.ofdcr terms. on the other hind.

are defined in the %urge interior. where the analysis of Sisto
whene 9, m Q1je and go, a& Qjpj arc (he foriirAtiont rates in (g2] can be applied., hey include the errect of Alftenwaves
the %urge inittrio and on the poleward boundary. tespectivly. propgating along the attached field lines. Their effect at the

that Q, and Q, are the respecivv sotizaion eflicknica. which which Is jtvcn by
en rgify dependent (Rees, 1963].) If the orizsation fate

Wlon$ the p~oleward surge boundary i-. greater than the jsonizia. I'4 cot (uq.1V - Mx) o
lion rote that is required to sustain the rcro-otder level ofwhrZ.wp Itecaatriicmedneothcluv
hknissAlon (N,) In the -uole Interior, then the surge moves Ahr 0 ~u,~i h hrcersl meac ftecuv
psilewaral. If it it less, the sorg moves equietorward. and the ident transmission line. to, I* the frequency of the Alf%in w.&%e.

Is satinar ifthe~we )oitalonrats ae eual me a i the mode number. 1. it the klenth or the fkle line bectween
,t ainS he the ionosphere and the equaltsr, and l, i% the Alfsn %pcd

mxod there~fre pwedkis an auroral brightening al. th
lk*"d %rgebouA~ty tat ~wicidnt iththepokard (t 1000 limis Iin the nitgneto'pher FA~uation (4U) amwtiic'

polewdsurebirtyIatI onietwihteplwr perfect reflection of the Alfx n %Ave at ;he equator tie.. iero

Note that in this trisamc the conductivity prolile his bee maltnctosphcrwc conductivity). in contrast to the finite mag.
assmedto eman tatonay i th mingfrae. hic, n neospheric conductivity model developed by 1.,xl [1986).

assumed wtot apn. sanona narh onutmic pine ,Me first-order preexpitation current carried by the Alfvin
ledst ail t deppnence ion licmr ac rativ y rie wave IS related to 7 through ?)n, u V, - E, Implcit in this
fleats ithe aug tmotion&w (In' hih mor accura4. tel ropg. equation is the transmission line asf umption and the propaga-
tion speed of any profile, howvr, should Increase in propor- thIonoperle to oflvth ave icthihe Now.us tueonntingpe
tion to the ecess of the ioniiation rate along the boundary thionsreto he cmbnewthee Now, s od inxpapero
oser that of the surge Interior. After all, that is what controls thsrliowhcobndihteIrtorrcMain
the propagatioen of the ionizrAtion wave. Therefore for short of (1) and (2) leadi to dispersion relations for the frequency
periods right after onset the measured velocities should be well andi growth rates of the individual modes.
represenitd by (3a) and (k). This assumption is utilized! below We will bisely summaritc the derivation at giveni in paper
in comparing the model with data for the three substornt - with spcia aebigtknrgrigwehrteqa
onsets of June 23. 1979. when data for the time evolution of ltis are defined on the surge boundary or in the surge In.
the conductivity gradient Arc unavailable. teri. Following paper 2. the first-order continuity' equation

in the surge Interior gives us

3.FiaSt'-Oai It I.OUAtbIK)$Pi.e 'Qh'j". iW - ?tKN. ONh

I is well documeinted that Pi 2 pulsations are fundamn-n where
tally related to auroral breakup and substorm onsets (Siats.
1961: RotArr isndxaumuu, 198I.Sunssm and Rosli&er, 1983: a, UNo", h
Sam..*m. 19112). As pointed out by .Vuti.:ti (0982). tw li 2 ~ ,is the height-Integlrated perturbed Ionization density nor-
puilsations occur simultaneously with or before all other iogn- malized to the hecighctlntegrAted iero-orde- density, and j11, ii
spheric phenomena alisociated with breakup. The-ic rcsiltt tare thec perturbed (frst-orderl) component of the field-aligned cur-
imnmiiment with those of Singetr ar: #d, (1')83. 191 andal ri "I rent, %hich Is giveni by
sit. (1171. who used magntiometer data from the Aw Force
C(-ophysics Laboratory' (AFGI.) miagnetomecter chuin. Tnir il,--JOVNI V - ZE,U Ot.1
reilit strongly imply that the P'i 2 source Is located arproxi. where J, as2jj~ is the net 7ero-order poleward current in
inahzi:t I hour it) the cast of the we.-tcrn -.urge edge 11a.%hi i the surge interior and is consiodered to be constant there. On
sit. f l921 carried out a study on Pi 2 pulsations during the the boundlary. however. J, closes off' into the magnetiosphtre.
passage 4f the WTS under three sucmce auroral breakups. giving rise to the -zero-order solutions derived aibose. Note
They found that the largest Pi 2 pulsation amplitudes were that :t is the closure rarametcr ui defined on the surge hound-
colocated in the region of the brightest auiroras. In a similar ary white E. is defined in the surge interiot. The first-order
study. &raraueskly el tid. (19110] observed that the highest PI 2 current flurtuations 1give rise te no net current-flow ivto and
frequencies occurred necar localI-midnight, Stuart et til. f(1977) out of the interior region, Inserting (4c) Into (414 eai to
noted a correlation between the imodulation in prciPitatinl defining the raramleter I', - atQ,hl' . which is analogous ito
electron flux in the auroral 'zone and the coincident Pi 2 pulsa- the boundary velocity painraccr as defined inl 0a)1 and tOrl
tionls.Mtiflsea aet tit. (1974] suggested il-t i pulsantons were end which we now call 1,,. Note that V', as 1, only if the
a result of the brightcninr of the aurora tMat led to -in injee. enryo h eoodrpeiiaini h Amei h u
tion of an Alfvb wave from thecionosphere into the mag interiyor asii nthe o und rciao in the amne of thesure
nctosphere. This lcads to field line oscillations arid resonances mintros t eleton pecipitation Inrg the assu~e tha ther
in the 1*i 2 frequency range. mnso h lcrnpeiiaineciyw sueta h

On the basis of the large volume or evidence that Pli 2 -elocity (of the poleward boundary gtives a reasonable measure
pulalin-iandsubtor onet.; ac rlatd. istheefoe o f ori,,. This assumption is used below in sction 5 and dis-
pulatins nd uktrmonsts re elaed.~tis herfor loi.cussed in the appendix.

cal to explore whether the surge model developed in paper I The first-order dispersion relations are then given by
can explain Pi 2 publaions. We do this by looking at the
irist-a'rder expanision or the basic equation-., Equatio'ns (1) and f,- P (I+V()
(2) can be expanded into 'zero- and first-order terms. Along thceI . f '~It ~ ~
boundary the 'zero-order termis reproduce the results in section w, ', - 20,NO&I/h (61
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pit GAOI U~ti4 Cca W061341. To 4 044 Vi, Note that thfe litsi-orsfer di't'erslot reloitioi nibo dcpii1 in
1..t %I.OO~ ~ti')O~.V..4~. V..life ico-oltr ict piciupitalts itergy (i.e.. the ficiellhgnd 1poI t~iitia1 drop) through vo, we use the theory oir I'ari,ba':o

1.erntire (l980J to e.tili'late the nagnitude of the /cro-orkr
rccipiatiot for various tlelsl-aligned potenttial diretenco ond

ph14tillt £'Al I

w lHour c 2 shows a separa:te rlot or tile Ii~ 2 growul :,,andccay
terilis frot IN as~ ; runctiont ofr yA,. The growth curves tire
tho: ne14rly wcrticaI lincs that tend to cross over cactiother. The

1K 1OWtIOmping curve is the nearly straight line that closely rollows
10tile cntilopo or the srowtl: curies. The damiping curve was4

calcuated it".ordins it) tile 17i'delmn 40olJ Jenaailre r'9,01
f j ~tlheoiv with: clection platn:: she ivv i Aiitr 7;f - 0.4

I Lev a:nd t, - 12 Lev andI witl, thle dslity or the pi-ism:
4 1 e i owt asimc::d it, be to i, n . The tick mlarks di ct the

locatiotns or inrious precipitation energis. Note that tore
I 16 1 ierpeie precipitation turns on higbcr-freuency mnodes. For

VI& I- - gtlre 2 iseACes UN&I, -t 10111110. 7. - 1 011in1, I"V1, 0,11111
h~2(lro)'Ah and dJAMPIOS Lufie* fo:r lot 2 ptsath4nj at 41uiied ' ~. ::n a l0 km.,

illn moodd: The prom:h cutflor ate the neinly itael lines. and ithe It tint Inserts Ofi into (6) ond. for tIhe itionitnt. Ignores the
JAmf4ia CdevC (01u1116%~~w the Crittb'pe 44 the liril~th e.Uuie 'I he decay tern:l. thenI tine can find the mnaximum growth rate a,; a
IkL tai% sin he Ikc-a) curte nusp the forcopfii~mil electron mftir5 rontion: or x. it I, ox- to), Fo r r/A. (Rnuhwen i ant, I 9xx'.III the Al~oo'j.~ The xhwco'm 4~ rti':t in mini;~ or I. ,&. IoliwiC ;. it T, odto ta h
life' 114,Iitt1Wt ciiet %or IIhe .:arg Its 1111 culsan: t % A ['ie~ codiio th,0  the Pi2plain edm e i. that:
V -I )o LM. 14I. -U0 15I. T"? -0. r,- 4 lecv andi To -u 0 alfN I, .. ladi to a mininun: allowable threshold on
Lev. S"e test for dorfinillfln* s :p. %i hieh to a high degree of accuracy is independent or the

rero-ordcr precipitation energy. 'Ihii threshold depends onl the

where (4, and to, are the real and imaginary components or the plasma ilieet rarameters through the Frimopoi allo Iemilre
freueny. espctiely X s eua toZ a detne In(4s ties (19801 relation. We again set the plasmia sheet number density

thequenc.rdespedrcuctiveulto Zseine insphere.mes to 0.3 en X :and calculated the threshold value of Aji by
isthe ho-reigh aedrctcodeuctibit intionsheesity. ai%un:ing it lintear fit to the precipitation current ror field.

Vm spetdr the hticrarcr d elbr on piation stya aligtned potential dw'P-, between 5 kV and R4) MsV Figure 3
tht surge. From now oil we set N" w hYo, where No is the shw lt 1h.vlus(A1),vru heeeto
local icro.order ioniiation denisity at tile maximumn:ltIton temperature attlsotrop, , in the plasma sheet. An anolyti.
altitude ror a givetn precipitation: energy. tNote that Inc~n cal expression ror thle depenjdence or the threshold values ott
tion: (IN)t or papecr 2, ht or equation (6S) above is m:issin~g andi the ' 7" r and tile plasm~a Sheet 111timber den:sity N,,, can be round.
ddluution give:: in csluatio: (ItI) or paper 2 should replace a in% This is done by notin:g tha~t &\,, N oil. wh~ichli leds ito A , -%
equ31tt1's 121 and (16) ofppr2) 7 ' I"N..", whcre 411.is the field-aligned potenitial drop.

Now if the zeroordr electron precipitation energy inside There i-: a simple physical ciplanaion or assoociaing an
the surge k~ or the order or a couple ke. then V, is approxi. enhanced 7j, with poleward motion or the conductivity slab,

I'An increase in 7J;, causes an increase ,n 4,t vridmin tinJ Ix.
the nortl:.%outh surge dimension~s (;.,) are or the order or Ifltre. 19801. TIhis Increases the degree or mnodification: or the
bundreds of kilomteters, the:: the charieteristic frequecy (I'l,/ cotidictivity gra~dient: along the poleward boundary, which
2;j fr~ ionospheric waves is close to that or Pi 2 rulsationi.

It: %order ror a resonance to occur tile characteristic ioi-
'phieric rIequeney just derived must he greater than or equal 400
ito thle frequency Or the rundaint:al toroidal mode for the *N-S SURUG WIDTH (kNO
attached field line&. Singer t al. [1981] round that the fre- LSR
queney or tile rutidamencttal toroidal niode was sinallest ait local 300 -

midnight. reaching the Pi 2 range or 0.02 s' at A = 661 and 1
0.005 s I at A - 68 . This suggests that the rormation or :I a
surge ait auroral latitudes near locil m~idnight sets up a reso- -r 200-
nance condition between the ionospheric waves and the mag-
netic field line oscillations which is triggered by the feedba:ck
instability. as; described here. to

There are botl: reactive + X) and capacitive (- X) solu. T Ti . o
tions ito 151 and (6), The reactive solutions lead to growing Pi 2
pulsations; from the reedback instability. while the capacitive ________________________

solution~s quench the instability. Reference is mande to Saw: 0 t 1 4 5 6

[119X21 a:nd references therein regatrding the details of these T1/ Ti1
%:Mcts Swurn 1 19X21 round that the 1i12 oscillations origi-
nating front field-aligned currents are phase-sIhifted with re- Pip, 3 The dl~,:nping ilireslwidftr Ili 2 pulsitionsas a rtiiiii~t)of

't electron temiperature anisottopy in the P~tsma sheel using the
spec: to Pi 2 pukatlionq arising Wion tile clecitrojet. In thle 11iodel df FiiJna and:g 1..'nzusre Lt9Mt] for thfe prieipitating efectron
presenlt miodel this effect comes Fromt the inductive nature or I~j Whenf thc nicastiud value if ,,j, exeeds lihe iehold Valuc.
thu field hunei which allows growing soiluition s. the Pi 2 pulsations are dauiml.
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Afasietr rtOletvard surge e~piinsion. The net effect Is thait 0
asnything that inct Asesjil, along the poleward boundary wilt CYT S11[xC
tative a more northward motlion of the surge region. An en. r$741 VSL90005 Ishilltko

oficmn 44~ ill. 'o red"Me the nrtfh-south polarlyAtion [~ S* "41WT100

Now an enhancement in temperature anitotropy (if It Is Reis
global) will tend to Impose an Increase Iin ait the surge head.
I" otar stimpllified stady State mosdel this must be oITset by a O
cotmpensating decrease in the tield.i-aigned potential (idmot"
.nd Ievmotre, IM) af the surge head in order (twill there to be -____

continuou with the diminished westward ionospheri current.
Our mnodel therefore also suggets that enhanced Tit is aceom-
panted by ao birighteningf along the poleward boundlary and a
dimingil In the region near the surge head.

Tihe oppooite argument h4Mki for preferntial electron heat-
ing perpendicular to the magnetic field in the plasma, sheet. In
that casm the westward 11all current due to the polariyAtion
elecide Hel Is increased. and therefore the fichld-alifined poten-
ial ait the surge head must increses to maintain current coni.
nuity rieso sand xiAsife~r. 1980]. These cifeets favor a more a

westward motion of the surge region. The corresponding argu-
ments suggest that enhanced T,~ will also cause at dimming oMI
alongi the poleard boundary accompanied by a brightening 0 01 02 03 04 0s 04 0?
near the surge head. FSCOU(NCY w-

In summary. according to our model, poleward surge it. 4, Decay ltie or the individual modc% ihown in I-lure 2 for
motion is associated with electron heAting; in the plasnit sheet a prediptating; electron energy of 5 keV. The dots denote specific
parallel to the magnectic field. This heating could be causciJ by modes lAbeled ii, Note that alter sewral minuts the pulse %sill biecome
Fecrmi acceleration as the tail field bcconics more dipolar. % mnchoakitll$ the center frequency correCsfX)ndit) the
Preferential perpendicular heating from conservation or the mo.Thsicnitetwhthdtahonn
ft-iN fiiaariant is a)sociated with westward surge motion.

What happens when the surge site Is Weow the threshold
linmit with x - I? In that cast we have positive growing pulsa-. From Figure 3 we see that smaller damping threshold
tinqs, he period ofithe wmv with the fastest growth rate, and values for .,esl when the plasma sheet electrons are prefer.
thecrcfore the pectid that ii civiracteristic of the Pi 2 pulsation eniailly heated parallkl it) the magnetic field. Now if the north-
i-i 2 1111% In lte limtit of ~1 1 i3te surge Is expanding At a south virge dimnsion is below the threshold v~alue for at given
velocity 1'.. which mecans ihe surge triples in size lin one pulsa. plasma sheet model, then i must be lest than I in order for the
lion period. The thresholdl for damping is quickly reached. And P'i 2 pulsations to be damped. In paper I we showed this; the
the pul1ation has A linite Atmplitude. This feature validates the direction of the surge motion is highly dependent on z. For at
linear approximation used in deriving, the Pli 2 pulsations. valuses less than 1, westward motion is predictd. while v k I
However, the rapid poleward motions mean that lte zero- Allows poleward or even eastward motion. Therefore accord-
order paramete A. is changing on a ism scale comparable Ing to our model the electron temperature anisotropy in the
with the first-order solutions. At the very least this kads to A plasma sheet together with the physical requirement that the
time-dependent frequency which is outside the scope of our Pli 2 waves be damped plays an important role in determining
solutions. This problems is resolved if the surge moves in spurts %hich way the current system of Figure 1 is going to move.
or junmps, In that case the inotin or' the boundary induces A Thse result is thatt embryonic surge region% require substantial
stamndinig ioni/atioti wave inside the surge with a phase velod-. preferential hcatling parallel to Rl ror poleward leAps t' (ccur,
ty which we assuume ito he close to the boundary velocity. Some specific pulse shapes will now be examined.
Fromn (5) this ioniration wave Is in resonance with lte rastest4.Il2PMSAS
growing Pii 2 mode (X uI). and the present model applies Pu2lusSAM
between jumps. The as;sumption is that the jumps occur often Recall fromn Figure 2 that tile net decay rate of each mode is
enough that the critical surge sie i6 reached in a timely the diffrenice between thle itecay curve (2o,N01 and the indi-
manner and the pulsation amplitudes are not unreasonably vidual growth curves tit it specific precipitation energy. Figure
large. A parallel resistance Along the field line, such its that 4 shows the calculated decay time for eachi mode ror an mnci.
mecasured by Weimer ri ofl. [1985. 1987J, would also contrib-. dent energy or 5 kcV Aind at burge size or 113 km. All other
ult: to keeping the amplitudes finite (C. K. Gocrtz, private parameter values are As tin Figure 2.
communication, 1987). During jumips at nonlinear treatment Thirty modes -,re excitcd in this particular example, and
such as that or Lysuk t1986. 1985]. which incorporates the cacti mode is represented by at dot. Note that thle decay time
generation of PiB pulsations, is probably necessary. The ob. As 3 function of frequent.y is highly peaked at the frequency
bcrvations or Opgeniwrsh e: sal. (1980] and lissinger et asl. valuse found lin section 3 for lte maximum growth rate. What
(1981) suggest that PiB type pulsations lasted as long as the Figure 4 tells us is that the higher and lower frequencies
local onset-connected field-aligned currents %%crc growing. On quickly become damped aind that the pulse propagates around
the other hand, if the multiplicative factor shown in (3c) is a narrower frequency band at longer times. The period of this
suiriciently small, then the change in fiequency is adiabatic, pulsation at the peak frequency is approximately 25 S. which is
and the present moidel applies in its entirety, consistent with the Pii 2 frequency range.
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wis found that e~en if the randomnness In phase was ats little as jTv.Q4XtO Tj@02iXW
:0 , a difference with Figure 6 was not discernible. Given thle
csmtillleit of the magnetosphere-ionosphecre sysitm and the .1
irreguirity of thle driig precip~italting flux. some incoherence
tin mode stimulation is to be ck1xpceed. This incoherenc de.
strot lte precise cancellation be.tweenj bursts. ats seen in
l-igure !. aind tile miodcl simtulates tile actual data more closc.

Randonii/ation or the initial amplitudes also destroys co-
hcrence and produces results simtilar to those seen in Figure 6

- ~~for random initial phases. Therefore Figure 6 is rcprcscnt4ti%e . * * i..

of It wajd class of initial conditions. Now., regardless of the 0 10 15 2
initial confditioins. :he scleeti~e liltering of tile frequencies itst(mn
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piuk.e train thin F~igure i
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A detailed %tudy of three xieocssve subitior" nsg on XV7,1 VAIL'OO0t Wavlnhm CeI5tIW

Jlue 23. 1979. waii carried out "Ing sutlhite., ballrxin. and T,,'0.AKt@ T00.2K9u
gmound-based particle and held data (Tomsteuun .11W. M91],
We now utiim these data io estimate the pokward velocity of
the surge hioumlary and The nortth-fouth extension of the suroe
Aw emch of the thre twodr, rhete results are then u'etl to 0 - -

estimate the peirlod of the fastest growing mode. at deccihed
above. Ihis period Is then compared with the mejasuted period
or Mi 2 pulsations as sen by ground-bau~d magweometer

Ibr the blowing compsariion we use Table 3 of Thsil;e,
d olI. (1917). The Amrs onset was observed at Sodankylil (lati.
lode 67.4. longjitude 2Em.-. 1. .1) at 2101 UT. Thirty e-.9
oaul' later. it w.m observed at Iiialti IlAtitude 6).6. longitude 0 5 10 15 20
27.4 . I. " 5.7). and .10 s bcyond that. at 2 1021 UT. II was t(M10i-
o~wervcd at Kevo flatiltde 69.X-. longitudle 27.0", 1. *a 6.2) rt. a. Tsime history of a N1 2 putlaiio ".ith isndoms initial
Now Seidankyl1, 11vaki. and Xeun are close together tin the pha'e% atid 1.5 kcV incident erictity Thik puhe rol~l i% %cc) i~nis
sanme meridian, so that the AucVessiv deecI0,n of the Onset in pf061(R obw-'vd in the dhoU t1e. for iiample. Xr44%A41 et a

119116]1. 1NoKe once aOan that the pulsation Iveomes *101noit m04nL
giveg a good metasure of the initial poleward surgt elol ~11. e mtfrt o it)n.
We Ord 11 P, .4A km/s for the first ~ne. The westward corn-
potent or the sure vely 11, is found by noting that the le in rrtqutncy versui time contour plos, where eaceh con-
cruet occurs at the bolloon S0622 (latitude 67.6- longitude tour represents a conitAnt amplitude. The contour plot of
5.1'. L a, 6) 10 msin ater it reached Sodanikyli. which is along Kevo Is shown In Figure 9. with the nwies denoted by shot
the same geographic latiude Therefore 1*, - LIS limfs for Ibc %vtical lines. Just after the first two onseits the Mmimum
Armt onset. The surge is estimated to include SodankyM. and apiue(h es ado ocnrcelpe)octe i

Krvo whih gves nolb-suth xlc" Aof bout21M approximately IM0 *10 s. with at weonary peak tit -95 t. A
km. Vor a complete analysis iIt incessry to know the energy plot of the Ivalo magnetometer data shows simtilar tiesulti;
and Alux of th clectrort precipitation both inside the surge and although at lower amplitudes. The delay of the monochro.
along the poleward boundairy. Unfortunately, this level of maticity relative to the substorm onsets if consistnt with the
deail it not availablet. Hfowever, we do have riometer data model results shown in Figures 6 and V, 17or the tint onset the
which gtive an 'idicatlon of the relative intensity of the precipi. delay Is approximately 6-It min. Considering the atfumptions
tation energy. 'I be precipitationt was most intense during the Involved in calculating V, and A, the excellent agrcement 1127
first onset. Therefore for this peiod we make the assumption s %tiu 120 j 10 sl ma'y he someiwhat fortuitous. lio~ever.
that the loniration rate along the surle boundary exceeds the the overall agreement between the experimental observartions

ionatln rte nsie te urg an tht l~ 1 ~1, and the model lends a great deal of credece to the rnodelis
knils. (See (lc). the discussion followin~g (4L) and the appendix basic veracity.
for more details regarding theme assumptions.) In tIs% ease the Tescn ne fSdnyi(173 T ie iia
period (7;. ,/lw~ of the faiest growing mode is 127 --1 results. The pokwaird velocity between SodankylA and hajlo
Now the magnetomneter results are Fourker-anayzecd and plot- (2109q UT) is 1.5 kmils, and between Ivalo and Kevo t2109,30

UT) it is 4.4 kmils. The lower vclocity between Sodank) lU ond
Ivalo is explainable by the fact that the riomecter absorption at

TWE ISOR O APi KJUM I 'MCO"N Sodankyi has dropped toO0.7 dB from 1.3 d6 as in the first

INITIAL. SNAKS onset. This Implies less intense precipitation and hentce a
10,.0i W/Le000I Ishe2m 1.1 5K. slower speed according to our model. The wcstward velocity

Tl,1oQKi TI.O02iW component Is found ats bcfoe and Is 1.8 $is, We tale the
north-south surge dimensions to he between Sodatnk)lA and
Kevo as before, which gives 286 kin in geographic coordi.
nates, Now Andcrnes is geographically south but nmagneticzally

S0 -north or Kevo (see TJanskanen r at.. 1987. Table 3]. if one
prefers the surge dimensions in magnetic coordinae., then the
surge should be measured between AndencN and Sodankyhi.
In that case we find a distance ot 299 km. The period or the
fasteit growing mode is therefore predicted to be 131 s. No%%
fronm Figure 9 we .ee that the period with the rnaoumii in m
plitudc is around 127 s, which ccurs zapproximattely It0 mmn
after the second onset Trhe agreement is again excellent.

0O iS 20 15 A 30 The third onset is more complicated for two reasons. T he
t(min)- first reason is that the polcward boundary now passes by the

Pigt. 7. irne history or a Pi 2 pulsation with coherent initial sttosKA 0622 (latitude 70.4-. longitude -7.2', L. 2 8.5) at
phases and 1.5 keV incident energy. Note the longer period in com. ttin
p.iri~on %%ith Figure 5. The higher the incident energy the higher the 2140 UT. Bjiirndya (latitude 74.5. longitude 19 . L = 9.4) at
ircquency orthe vtpecied pulsations. 2143 UT. and 110 0623 (latitude 72.9', longitude 7.6 . L =9.2)
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I itt, 9, A contour pl oi ~fite iered mincitomdicr data taken i t Xvso during the petsod ,'three subotorm otiots on
June : 1. I'M7' cadi contour repiresents a given amplatuJI:c thih it plotted ats a function of hq.uency, The astusit If
unsscro'al ine tit uoil% 1 ss;Hsute, 'tasting at .058M0 VT1 ad eningt at 2011,,00 LM'nTh three heavy ikkl nriks %how the
lttle of the three onietr The more toncvntrated alcrciofconnic rinp deno~t regiont olmore intense %%t Cnerp*. It Is

AsI I the teCtihj thr. M are$11;9 ruectly ry uatm ii h the e sevk P# 1 ;seraoi. as. tktrld (rout our
iniski A141. th kngilheinn of the Pi.1 2perio1 %%ith %iketot onset is conticet tstth the poleward expansitin of the
)urew OsPretedl by the Mud,

at 2145 UT. These stations arc separated !n both latitude and T'his implies a P'i 2 ptriodl or 312 s. which is till comparaxble
longitude, which complicates the determination or the velocity to the measured value ofroulthly 190 ±L30 semen 12 min after
componients. The second reason is that the third onset it much onset in Figure 9. The Important thing to note rrom Figure 9
less intense than the previous two onsets according to thc is the definite lengthening or' the Pi 2 period us the isurge
rioamettr data. This implies from our model (see (k)) that the expands polcward. Trhis effect is predicted by the prc.'snt
measured poleward velocity could be much less than thle I;, imdel, us the Iserid or thle rfhocst growing mode Is Piro-
paorametcr needed to estimate the associated Pil 2 period. We Portiottal to 4~

find that the measured polea-rd %chocity is approximately The model call he used to extract other important infor-
equal to 0.25 km~s and the westward velocity is 2 3 km/ls. maition about the onsets uasing this important data set. From
where the spread is due to xhether one works in geographic thle vaslue or 1,, of 4.4 kmjs and noting that the measured
or magnetic coordinates We therefore a~suinc for [the third value of' E,, As approximately '20 mVim during the first two

*onset that thle precipitation energy is thle samei inside tile surge onisets, we use (3d.) to estimate the precipitating electron
as on thle poleward boundary and :as during thle previous two energy that is aesponsihle ror the surge movement as being 1.7
onsets. According to this scenario thle surge moves because of key. (Note that Qi1 n W- Ions per incident electron (sw
an enhancmnrt or the boundary precipitation flux or a few paper 1). where r is the precipitating energy.) Using the dirc-
percent oter the precipitation flux inside thle surge. The old tion of tile surge motion, one can also estimate the magnitude
%ulue of 4.4 kmfs ror I',' will therefore be used, or thle north-south polarization electric field inside thle surge.

The nsarth-south extent of' tile %urge during the third onset is MThr measured value or thle north-south electric field compo-
:sl*, difliul toqatfybcus f h ptalsprto f ent is 25 mniln. wich include% the convection electric field
the Ntations. On the basis or Figure 3 or Tanskaneni et id. %ich may dominate.) E~quation (12) or' paper I can be rewrit-
(1987) we estimatte the surge to be between Ivaho (I. w 5.7) 1'. s
and Hjornia (L. - 9.4) which givei a distanice or 689 kml. tan ',(R - E,rE0 )f(I + RE,1E0 ) (7)
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wher Y, is the askl of the suige motio relative to west, it Is wave followed by periodic sinumlidal boml~s. Even a small
6e ralilo of the belght.iniegaied Hall to Pedemsn condoc- admixture or pheases at i- 0. however, will cause the pubic to
tl"lses and £, (which Is positive, pointing swbt) k. he polar- exhibit nonsinusoidal behavior just after onse which evolvs
loation electric fid. (The relatlon EP - E#1t(l - a) has been Into sinuol behavior several minutes later, This effect ap-

--.- r.,-..* .... - -,-= 'St' -c F*u -r ;- ' _ '14m 4n

- ( -tany,(l Atan~ he AFOL maglnetometer data (paper 21. to
EIE as(A is r~j I A an J () 1Three onsets that were observed on June 23. 1979. wvee

Gr* [112] has noted that A ordinarily ranges between I compared with the model. It was found that the pokeward
and 4. with sons rare case In which A is grete than 4. It is surge velocities and the estimated north-south surge dimentr.
Ame noted that A tends to decrease with enhauncedl substorm sious led to predicted Pi 2 pulsation periods that %cre conmit
activity and widening of the elect rjet. Using (11. It Is found tent with the measured values. The period of the observed Pi 2
thiat 6w the 110a oati - 2, mV/r (A m 1) <~ E, +11 pulsation% became longer as the surge expanded, which I% con-
mY~im (AR -4k which is consistent with full closure of the smist with the model. It wats also shown how the model
poleward "all current Into the magnetosphere (A value of might be used as a tool I.- determining the polarliation cekc.
V.7 was ued for tan V,) The second one Is like the Kait, and ifnc &i n the presence of a strong convection eleatrik- field,
the third is tott complex to be treated here Let us now consider a scenario for auroral breakup based

We conclude therefore that the three onet discussed are on the present model. Initially. an Incipient surge region or a
Consitet with our model. Not only Is there quantitative few tens of kilomtrs forms neur local midnight (4Akimf*
agrement with it predicted Pf 2 periods, but the observed 1974]. It consists of an enhanced lonitation region In the
time delay for the Pi 2 pulsations to approach a monochro- ionosphere that contains the current system shown in Figure
matic ilignal is compatible with a frequency-dcpenidcnt decay I. Now Ir the Ionumion tait at the surge's p.~kwatd boundary
time. as derived above. In particular, the predicted scaling of Is equal to the Ionitation rate in the surge Interior, lt surge Ii
thec Pi 2 periods with the surge slac and poleward velocities stationary (Rothwedl et sit. 1988]. If the rate at the boundary
aoem convincing. The model may also be useful as a tool in is greater, then the surge moves poleward.
"eprating out the polariation and convection electric fields. It is Interesting to compare it pretsent model with the ex-

pertimental observations of substorm breakup desribied by

6.Do~ctjssm Aamfw [1974, p. 647].

We have presented a unified model for the motion of the The fit Idication of a suhi-totm it a sudden brightening of
westward traveling surge and the generation of Pi 2 pulsation$ One Of the qUit 3Mc (doCrte1 Aurora$) I)ilg In the nitidfht
during substorm onsets. Using the lnhester.Raumrjohann sector or the suode lformation of an are in that uegiose A tqpl
lowapherle current system shown In Figure 1, it was shown substorm d elops ahen thii are is located near the equaooniod

boundtary of the belt of dIhcrctc aurorAsi, but near the pole~urd
that the rfo-order electron precipitation current (dcl con. bound~ary of the belt of dirow:urora. in "Most eass. ihe Nieght.
tolled the surge motion. The dynamics of the surge boundary enit: of an arc or the focrnton of an are i% tOllotoed ba) it% rpid

was; found for a constant conductivity profile, which led to a fiotkartl motion. resulting in an 'Aurorat bulgpe ar-o the mid.
constant value of the boundary propagation speed V'. This nilti sector, The so-called! 'brecalo.ue occurs in the buit. a quiet
value Is assumed to give a reasonable estimate or the inital skya.l~efr per ob irpe n ctee w h
surge velocity, which in a more reAlistic treatment must he
timeia dependent, as the conductivity profile evolves in time. In terms of our model and Akasso'u's observations. auroral
The first-order equations led to dispersion equations in the Pi breakup occurs when an Inhester-Ilaumrjohann type ion(,-
2 frequency range. The present Pi 2 model was determined to spheric current system forms near the polewarsl boundary of
he valid between surge jumps when the surge was considered the diffuse aurora. The potleward liall current in thii embry-
44ua'si-1stati1 nary or when the surge moved sufficiently slowly. onic systenm Is closed oIr into the magnectosphiere through the
During jumps It is suggested that a nonlincar theory such as formation of the arc described by Akasofu.
that of [~~sr 1986] is more realistic, since it prechics the If a licld-ulignicd potentiial drop should switch on over the
presenec of PiS pulsation%, which have been obscrved by Opyc- poleward boundairy, the arc there would brighten and move
"word et at. (1910] and BWsimcr et a! (1981]. poIeward with a speedJ proportional to the magnitude of the

The present model leads in a natjral way to using the re- potential drop (see papers I andi 2 and Rorfiwelle at. [1988]1.
suilts of Fridman a Idmedtre r,1980] and Fiihharma (1978] The boundary motion excites standitng ionospheric waves in
In determining the dc precipitation current, which plays a the surge interior which has'c phase velocities which are deter-
major role in damping the Ili 2 pulsations. The physical re- mined by the initial boundary speed. Because or their long
quirement that the Pi 2 pulsation be dampled puts a lower wavelengths 1- 100 kin) these ionospheric waves could he dif-
bound on the ratio or the north-south surge dimension and ftcult to detect owing to the turbulent nature of the ionosphere
the closure parameter 2. This bound depends on the electron over much smaller distances. If the associated frequencies of
temperature anisotropy in the plasmat sheet and plays a cru- the ionospheric waves aere greater than or equal to the ftc-
cial role ir. determining the direction of surge motion. Grow- quency of the fundamental toroidal mode of the attached field
it models were found to be quenched by the poleward ex- line (Siger et cA. 1981). then a resonance can occur through
patesion of the surge. the feedback instability.

Now because of the dispersive nature of the Pi 2 pulsation, The resonance is considered to be damped by electron-ion
its frequency composition changes with time. The time profile recombination in the ionosphere. Now the precipitating flux,
of the pulsation also is very sensitive to the initial conditions. which causes the damping, is a function of the electron tern-
If all the modes are excited at exactly the same time (i.e.. the perature asymmetry in the plasmA sheet (Fridmuin and L.
same phase), then the time profile is that of a highly damped makre. 1980). If this flux is insufficient to fully close ofl* the
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poleward Htall current in the ionotplitte. then the a paranmeter anstlility was not included Multipoint nicasurcnients .iC
it leti than I This mi:-ni that the surge will mnove predomi. nc%sary in order to determine which or thesc nI~sII it c
intly %oitward fpaper If and the coincident Pi 2 pulsationi vorrect undcrit1reen subitorm conditions.

%ill be itongly damped. (For a gt~en surge site. if x is less-
than 1. It I,. more probable that the threshiold criterion for
damping ms "WO A value of 7 tes thtan I implies weak~er
precipitation. which for A gven ficld-aligned potential drop Ami-i N)i%
implie enhanced pecrpenidicolir clectron heating in the pla~ma Couipartoii or our niodel lriftctionit ror P'i 2 per Iods with
Abee nkiurldng to the model or ki-flm4* 41114 Leiret 119801. 4lat;; rCiqulac knot dh-C or tile jrccipitatiou enerigy 1nd4 fluxt
N* I'rndivulair clectron heating in tile plAima Shetl wouil! Isoth kil kite po19le t bounldary and Inl thesurge Interior. iThis
thefrfore caute predominantly westward surg% Motlion and would allow a direct calculation or I,*. since thit infistiation
strongly darrpld Pi 2 pulsations. On thc other hand. parallel %a, not available. it was ncessary to assume that the ica.
eletron heating In the plaima sheet 11 greater than or equal surest s.'v 1, or thle poleward boundary was equal to V.
to 11 would cause predominantly polewardl m0tion and. p001i. NOW (14 I implies that1 1 M I",, only % hell tile toniation rate
my. the momentary presence or growing I's 2 pulsationi As ailting tlie poqcwaird bounidary it much Sreater than the ionaim.
mentioned ;Abose. the poleward expaunsion or thle surgc limits tion rate sin the surge interior From (3a1) we Ree that 1~,, - U I
the amplitude of the pulsations when the dimping thrcilhold is oinly if lte electron precipitation energy in the surge finterior is
reached, equal t4o the precipiatioti energy oin the surge boundary, We

Therefore according to the present Mordel the substorin is aiiinie that this latter condition it satistied during the oilt
asrociated with enhanced precipitation. polciward surge conasidereil and decvelop at motiel to ascertain thc validity er
motion, and the generation or finite amplitude Pi 2 pultationt. a%%unuig R, -R.. Now enhainced precipitation on the plole.
All these effects are common features noociated with suh ward boundary impliesk a decpletion or thet plasma a~stiael
storms and, as shown, may be caused by pirfrential electro-i with itta~cdt flux tuvics [.rlinxon, 1984]. Trherefore as the
beating in the plasma sheet parallel to tile magnetic fid., plasmtO' onects earthward through the surge Interior. it is it

While the present model appears to be sery successful in weaker source of prLitittioii than It is on the boundary. and
explaining a variety or observations duiotn substormn onsets, it I~ -%1, from 00d.
it by no means all-inclusive, It is still a linear approximation We now make at very simple mtodel that Illustrate% the
to a highly nonlincar problem where lte nonlinear effects uap. phytical concepts involved. It will be shown that for reason-
partntly are strongly damped over relatIvely short time scales, able subitormn values of precipitation current (- 10 )#A/m3)
We havec not addressted. for exanmple. hlow thet Initial Alfvn along thle poleward boundary the procipitation flux In the

wavetr~ssmis th Inormaionabou tc shot( circuiting of surge interior %ill be suliilently smuall that V - P, from 3d
the tall current between the magnectosphere and the Iono. Tis will validatc our assumptionts. Consider the equatorial
sphere during the creation of the, subitorm currcrnt wedge plane and a plassma with :I number density N,., " 03 cml.

fI~nernettuuee eGud C taseur. 19841, nor lime we touched convevting toward tlie lFartls at at sped V' N 10 knitls I Itaang
upoir tile poiliyor the Alrsvii waves ceating t field. ta11 iul , Pnt 19861, lsi pl1%iola is estoisted to costs ihutc to)
aligised potentiat droll through turbulence rI.vxak iand Pthti tlia electron lirccipitioni this over a field line length of tip-
19M.I. Ia'n&. IM8]. Mtoreosver. it assre realistic treatment of proximiately .Rr,'3. where: 1. is tile 1. shell on which the Pe-
Alritti wtav propagation In the magnetosphere and ohmnic cipitation takes place and Xr. 6.37 x 101 tit. Therefore lte
losses in thle ionosphere (wort: und Haoswell. 1979] is needed. total particle flux which is available for precipitation Is
Finally, there may be more than one source of PI 2 pulsations. jLRA ; where ;,, is the east-west extent of the surge
Edwin er at. (1986], for example, suggest that Pi 2 pulsations region as seecn in the equatorial plane, This flux is assumed to
arise from an impulsive source of Mill) wave energy, in the be totally depleted by precipitation along the surge'% poleward
plasma sheet. The fast magnetoacoustic waves that arc pro- boundary and in thie surge interior. The total electron flux
ducc- propagate dispersively through the plasma sheet. which precipitated along the boundary is given byJ11,;,A,le and is
gives rise to finite Pi 2 type wave packets nearer thle Earth. tile interior by j 1 A,,I.Here ;I, is the extent of the con-

It is clear that an important future consideration would ductivity gradient along ilhe poleward surge boundary (Ps seen
involve placing the mechanisms developed here into a more 'it thle equator). and ;., is the north-south extent of surge (also
global framework. In this ntgard it should be mentioned that us5 seens at thr equator). Now particle flux conservation along
Zhmu aind Kati [1987] have comnb~lnd the temporal propaga. tile field line imlplies j11.,,A,, mJia44, undJ 111 ,A,f inJmik)A.
tion mechanisms of paper I with the global assumption of (lie where thle quantities without thea subscript e arc defined at the
closure parameter developed by Kati e a l. (1984) and Kati ionosphere.
and Katmide (3985]. Moreover. Kti amnd Sut (3985] have de. By equalinig lte total inward convecting flux to tile flux at

*scribed a global model (or simulating the wecstward surge and thle poleward boundary plus that in the surge interior and
Pli 2 pulsations, In this model they combine steady state is- using flux conservation along thle magnetic field lines we final-
suinptions inherent in the work of Kati and Kainile (1985) ly have an expression rorn15:
with a description of Alfvn waves bouncing between a mag- '. .~W ~ S(l
netosphcnic source and the ionosphere. Their procedure re- A/m (A 1)4 +I
sults in a temporal scheme involving the discrete bouncinig or
thit Alfsen waves into the ionosphere and the generation or where lte azimuthal scaling factor for a dipole field(A,,-
-steplike" Pi 2 waveforms. Note that tin both works thle iuno- L"' (Loikp el mit.. 1987]) has been used. Now if we make the
sphecre plays an active rolc and is a source of Pi 2 pulsations. reasonable assumption that z, - 20 kmi and that L -6 and
In ilie present work a feedback instasbility is thle driving MCCli- 4, - 280 kill. which corresponds to the first two onsets oriunc
anism. while i thia worl. or 1&:a, ani sun [1985] a feedback 23. 1979. then tAtI, can be rcwr~ttcn using the numerical values
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Pi 2 Pulsations and the Westward Traveling Surge
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Ab generantre of i 2 plations duimng suhiltorm onsel% in th92. 04th p~aoter h an 3Plt ope ques t o cefilgt
ri-lic ~r t.t 4)114 mak the4 logtuia trnito from ni P314 in1 te9m% th a 2 curredntl distuto ds owmaily ha.n
the quofwr tweo wr P y RoA emilSise' Il9i1 n exstdi huw current slamLse ftthe 983 head. Intepe the mid.

within the surge head and to the tait. An equatorward Ili 2 latitude Ili 2 puhatsonei ;I arising from the field-Alignmed Cur.
predmintes quaorwrd ad t th wet or tbe surge (Ros- rents that form the subilorm cuf rent wedge. Elst#JSuh

tir amol Sawf. 198 1]. The maximum initrnsilts ofthe Ili 2 wN~)J (19141 hat examtned the reflection of AI('in waves
pulsations were, round along the equatorward bounidgrits of from tioophtes with a discontinuity in either the 1131l or the
the ckctrojets. This led Restoke'r emil Sunuon (19111] and ieder,.cn conduoi.ity 'rhe retlecion properties of the Aifrn
'Wemm Sid Re.,eAer f 1913 to stigoes that lt resonance hAavc depend not only on the discontinut tpc hut also on

rcgises 4f tk INl' 2 ptil':.timies i% l~katlid within the sirge th IN 1111t4t411 tOilef tlk 1111.t101 eClt 1 flcti eld %CVtter In t'Aem 14

regimi and ist ontiraidtl ett itta cut decd ihl Imes, Hoo. t11C recr IL.u'C' %1ti14e1M. tile heIld ;elignee curent thwet act .e%

wlArt Sind SaUMtU [191111 ulio suggest that the hlarang dis- suhmilitery Nurficreae centered on the field line-. conneced
continuity is the energy source region for the Pi 2. Samson emil to t1he discontinutty The subsidiary -Aives are circularly polar.
tufrinld [19813). using the University or Alberta magnetonitter tied and suppress any net flow or Mill current across the

chain, round that within the %7S the Pi 2 polarization pat. diseoantinutty Uflz~smeicr (19S14] has extended the %ork of
terns tare clockwise (CWj Ats viewed downward. On the other Ellis And Southwood to include arbitrary distributions in the
hand. Letelr et at. (1984] found with the mid-latitude Air helght-integrated condmctiaty. Recently. Sothliwid aned
F~orce Geophysicir Laboratory (AFO!.) chain. at the same lon. Ittiges [1901] have suggcstcd that two oppositely trating
gitude but cquatorward. that the polariation ellipticity is pr. east-wctt surrace wates parallel to the conductivity Vradtents
domiiiantly counterclockwise (CCI. These results arc consis. could git a combined signal that reproducesi many of the
tent with the fact that equatorward and poleward of the WIS observed features of the Pi 2 pulsations. An important unrt-
the polariiations are counterclockwise while far to the cat solved question is the relition orthe Pi 2 current sysitm to the
and west of the WTS they are CW The Pi 2 polarizations oterall current system that forms the subi-torn. current %edge
relative to the WTS are therefore quite complex. It is assumed that the initial diversion of the crois-tail cur-

rent is carried by a tran.%%ersS: Alftn watve [BaumJohannr unit
GIla.srer. 1984]. The subsequers, reflection or the %at C.~A

C'opyright 1916 by the American Geophysical Union, IinwArghtf and! Cearlson. 1978; Nishidit. 1979; a Ret al o.. 191
Paper number 5A8793. between the conjugate ionospheres and the triggering of see-
0t4I.0227/86100SA.1793S05.00 ondary Ali'vin waves in the ionosphere (Molrfster et at,. 1974.
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frm the Md k I'e r h~ "Ihi. :Sfd elCk%'se (W rstces a hIAt tout i the %Ame dstesitn ao the Ilokowc

ElA.i iI-acto Iite.. the iontliphcte as n octov wtrcin thant in the iioittt-south dirtion.0Wni!,r to the
raft of lik "K vuphril; father than surge rction. A doanward Wtd'algnd current on the aqia.

jum A fca eing boondiry totward tdge of the ace &WA~ %1A "A i$)fhwAti pc'kfsef cur.
The putpos of thit p.rtr ii tit Wait P! 2 pulsatons to the tent to an upward tW-4lsgne.3 cuircen on the pokvwArd

dy"mcs ofthe *0twad :fV-r n iurIgeNt A d~flAmsC3~I bWurimy, Awwoding to Atn4einr (1970)] a loval ien plitric
surge model hat bten sie'doped by Rothwdl er #1 (19A)4 wrnducnity enbhncennt cause a lo0al ikcrMCa ki the eke.
'sili the lnh"ItftautrmjohAnn (l4fwwe rf al, 19$1. #$*,hwt. iti rKW. The rmolting dovtrgnct of the ou cttnwpberte po.
h"11. 3983] 1crebt. etatlon. Hlere the lec1hae ItitAbility l~altjori cuirnts prodct pfccipitatiot that tllcfel.ci the

sria)14 (Sarii 04s I1oi:rr. 3973. Ho:p. r 0"4 Swoi. 197't $au original ciundomty cnt ccincnt. ir on :4 nth-
1912] N; applied to the ltese.Bumxkn mdl of the *outh ionosplictc wAse in the model in f'sgur I.then tine will
WTS UWe by AiwhWere cid. (39*1. hrinfitr calkdt piper hWe periodic mcouuty ctiharnents which iould lead t)
1. The equations are lineAtiotd to the stAnArd Whdion. and it multil arcs. The ana*losfr the 4uit ares ai ptts by Sat..
Is ohown that ilt MC.orWr ers ~ over the polwArd .a*d If og~rr E1973] arid I1aI-er .rnJ loto~ (1973]1 IsiMniar to
motion or the surge boundary it derived in paper 1 The the anialyst* psesented lictc to their analysit. active anod pat.
&M-01&r Itrs live rise to a dmctw ItAtou rot the P.-4 'c krioophtric regi Art conjugately connec by the
bock Insability. Thii relatio Is %Whed Wu the alloe4 Vie. Arne riKi line. The acltv o phere s A an se stnricator
quencc AnM their awsciated growth rtt, It ki found ithat the 'bach produce an Alfvin wave that it damped in the passivc
number or firtiuetwies penerait is related to the lipeed a( the Witnosphere- $ami (1979, 191(2) d~hefti~ed with the conjugvteiy
WTS boundaries. 7the resultinj; comtpowei pulse shapes aft Lonnected active and pasoive ionosphcres and required th6t
"%aw to be very similar to those sneAsurcd by Slnqcr ori st the Alftin *-Aves ftict upon reaching the equatriAl plane.

(1915] at mid'laftie. TI.e phyisicl picture presentd is that $41140 [1978] Also notes that the theory of quit Are$ must be
the initial precipitation ciWse by the onset In the anagnetotail i fenitn with the prestr or a westward electric fitkl.
tfigier; the Whedack instability in the coupled ionosphere. Thi itlw)a aturCft the aseen in Figure 1.
magnetospheutc system, ,Ntrcby producing Pi 2 pulsations 'the reedhbAck, instability works because electroni tend to
(BaaiiqoAan., sad Glawkr. 19S4], In the next scilon we flow tow"Ard the positive part of the potential petlurbtion
relate the feedback Instability to the Ilheticr.Raumnjohann along the field :ina The Inductive reactance of the mag.
WTS model. nectomphere. howevr. auits a phase lag In the precipitatmon

such triat it Adds to the oraginal ionitation enhlancemntt. caus-
Timc lI*WSTIt.AUMIIIA.1N MonetI. ANDi Inj the instability to grow. Should the magntiosphere havc at

me; FtUACK ISrAMI~ry kcApacatative ractance. then the prcipitating electron Alux co-
The Ilhester.Raumnjohann model ii shown In Figure 1. A incidecs with the valicy or the .ientity '4stribution. and the

uniform westward electric field Iq pro~!ucts a northward Hall perturbation decl)1.The mantiosphetre must hae an induc-
current that clote" Into the magntetospheret via Wkd-slilned tive response ror the feedack instability to occur. Bly induc-
currents along the poteward surget boundary. If the precipi. tive and eap.9citative rectcance wv refir to the effective Itrmi-
taitlon is Insufficient to chos off this Hlall curreU then an tasted transmission line impcdAnce for AIfvin watts along the
effetive polarization chargec builds up along the conductivity magnetic field lines [Sato. 1982]. This work has been extended
pradient, producing a southward directed electric field. This by Miura and Sato (3980] to the global formation or multiple
electric field creates a southward Pedersen current opposite to uuroral arcs.
the original flall current and at westward Hlall current that Tumas and ,Affura [1982], Miura ri at. (1982]. and Tuna..
ads to the origlinal westwArd Pedersen current driven by Eo. (1984] considered a nonuniform magnetosphere coupling to

As noted above, the Pi 2 current system and the subitorm the ionosphere. Negatate Joule dissipation in the ionosphere is
current system inside the wedge are not always the same.- In accompanied by a growing oscillation and un outflowing
this paper we initially assume that both current systems are Poynting flux from the ionosphere. Damped oscillitions occur
colocated. which is true approximately 6P". of the time when energy is supplied from the magnetosphere to the iono-
[Leter et at., 1983]. sphere. A large-scale uniform electric field in the ionosphere i!;

The feedback instability [Oyawa and Soto, 1971: Sato and required to drive the growing instubility.
Ilo!:-er. 1973] has its foundation in earlier work by Atkinson In the present work the generation of Pi 2 pulsations is
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#.w-W w4llows. The its~ti of hot dctron from the The northwaid wowlhttic currmn componetoi the
rimima 'beet during a svhbttwm ~n~ inliiaethe feedback lnhoist-.Rdmphann moth ii given by
ima4*My in thet pbiemagtrse w i. Thit as. , E!$
aMpr6n is " tM ~ the aICIHIte O&iVations of$AwO muod
MecNwio" E19033 that the Pi I. burst I* upet inipt ott a tic %hkit ,: awh x2, a:' the )fll an Pedersen conducltities.
AibA In the asimuhm~l comporicat "( the msswek rwel *hich resricdlacly. and F is 1he elecitic field, The condocttitksi re
k ctamei by W-daligned CWMAtes. f'rom thei ViuWC I Ithe nrwmalitied to their icto-ottikr vAlo," by
Pi tecvrat the bcinnothe desh.The palle!(pit. VM
cipitstifts) crrt"I ks therf%*re *tmiwttl to be decompftabic -10 4

int s and dic ctomponent, The tic comronent it the primary ze o ta
Ol.ictot frmM the dl'tant mastpetotll, and the ac complorent
rsniec from the initia injctitanskien andi tIk kvbc ahere ! and Xt lr if rmA Inside the surge region and IV
lowshiity, 110 wit e + hon bWow that the nomwe of modes is the hdhlnegae on~pheric ionliation dentity normAl.
thit are AtmO41te 14 dep'enent on the energy 4f the Mm tied to the uii)(rm dcnoly wAithin the surge region tXSol"'
order gweipitatkt It it aiguett that the wfe I"AWOMInthlty 1992), Now we 'imly ha~c rot the %wo-Aid (vi %uireni
ttoei rog reah the nonlinecAr Miap ctamined by Ui#e r19791 Lopnci
&Wl MDe iwa e t rlt"2 xinc. the Rai, ai-ociAted *ith 114kc) J, SeS. - SE
raaiet the liItion leve1 withir a tine 4 PyVON) 1. wher sy,
kt the eketnio rcombirwtmo rate and NO is the NerO* EqoAtion*0)'. (4). and (A) arc lincaruted ai follows.
order Ion density. Allter this time. tkctron-Ion rernination
dominsates, and the composite pulsation decayi lit -

Komn t 4. (19W2] consider the Pi 1 wAve form to arise from EF0161
the spption of the refitcitd and incident Alktin wavti
imnpinging on a pasahe kwnopker They neglect polaristlon xV I +
and Hlail current elects. liere. on the othe hand. tt conikt k er the W.auti %with omebars ate of' first order. E,O, is thec
the natural modes ariting Wrin a r-coftskitnt 1OROPliert ptinury electric field that timesj t)-' -orm current wedgec.
magntospliere interaction (i.e. the feeback Initability), and k,, is the primary noith-south polaraation electric fiel

Fo1Lk~uS1x)'(* T IM~otMoth ElO and F. are assumed constant iude the sUrtt
F~aM~~lK)? ~ ~region, Now the constancy o( SO and E0 Inside the surge

In paper I (Resild ri t. 1984] the Mouti to the time. regtion implies that there it no net weo-ordtt Ileldalioned
dependent meo-ordor equations %long the surge boundary current closing into the magntospherec Inside the surge Ilow.
cooductlity gradients wete sohacd. On the other hand. In c~cr. there it still a icrsonrr energetic electron ptrcipitation
Xuai' [l91123 theory the H(erO(orkr enhanced iui~rton dcu. that maintains the high conductm~ty inside the surge it&&ot
itY IV. Is taken as constant in sce anti timie. which is conats. TIhe current carried by the energetic elctront mutt be precist-

ten with the lnhesierlhaumjhanti mxokl Insith surge ly bAlneed by a flu% t4 upward flowing ion4%pheric lctront
region of lower erciy In thsi manner a high condouaity k~el it

In fimltn thw ptewtit Pi 2 pul,-Ation model Ace first maintained with no tact current cIiue. The dusergence odJ is
connect the mAgctophictic transsetw Alfien -Av with the w~.ers by
ionospheric drift wiset (Ita am J Meaerea. 1982), The Altvin ,-.s.v' "i.£+rjxL, I)
wave is probably kinetic. lloweser. the perpendicular c
kngthi considered here are much larger than the ion ;y. %here jo is the Itro~order twe'dunisional urunospheruc cur.
rivriadau %) that the AIM;- dispersion relation it essentially rent The ionosphere is considwrd a sourim of trantverse
the %inx ai in the Miff tat, It is pemitii. therefore. in A16 wavs so that tW x fl., a 0 (NlaeI:er r, al~. 1974) c%.
the prc'.cnt context to use the MINl) dispcrAion relatton. An Ou'lei masntoacou~tae Aascs in lte ionosplicse The lirs.
Alf~n wave carries prllel curre~it which is 'ited to the o ~~ lic~-Uhtne cur rent decnity is Siven by
divergence of the tns're.rlwaefield by

7p, mV -E, (I- * ' S
%%c asiune thtI lte iar't's'rdcr %Urrent is being cartied by hot

wthere Z. IW tile characterislic imipedance of an equivalct ckcirons, Note that we lim~e a coordinate qstcen with the
Itan~riion line terminated at both ends by the impedance upward current if. po5ituae. wAhich mnicr that we hae a minus
Zj and 1, is in the same direction as the ambient magnetic sign in the rollowing relation,
ld H,,. it ran be shown (see Kaet ateI. 1982] that J, and

V. h- Psisry the transision line equations. Sato [1982] -V L 191
uwed the transniion line analogy to impose the ionosp.hcric :and upitn combining tSt and 19) -Ae hame
and equatorial boundary conditions. As seen at the iono.
sphere. the niagnetos.pheric inipedance is gvcn by I - %'R I& I - Z!:yjd

Z Vix, cot (441Ql'A (21 Now the ir.order %muatinuity equation givs us

%there I', is the magnetosphertic Airv~n speed and I is theQJ %-

length or'the field line between the ionosphere and the equa- (II) Qy, S -Uf
tor. This expression also assumes that j, is zero at the equa.
tonial plane. Z, is given by J':.Then (1) holds at the iono-
sphere ir z in (2) replaces ZO in (1). wherfe Qh is the height-antegrated ion production efficiency
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(Rows. W9)., The Insertion o(lOl into (I II ga~ci
-V - V11 0I - Zt)- 21ff (12)

the l comporterits Of Vars: gl~cr by 1

, 36 '4 40' .00'alR

The rarawee I is the Closr paratmwr :&% defined III thek
1rrer b) PtiAtdl er W.. (191t4]. I,. th h is dri %tlo~.aty ,

*takcrn ai %(12 km is. and Rt is the ratio of the bicight.
itegrAted Hall t0 Pe~kWfn COnw~tacs. 'bieh WC take 10
be a 3 Theft wre the comNt Iline~ of the Surge %eloeily at
skutcd by ReedAmWl oeeof [1994) Ailhowt th ckcron-isin ~-
recs'nahan1aon term. Thii %ely IcmtnAsi tkrtwd in (121 by ~
noting th~at

QkJoXo nQh e'vil -. (141

Z % lads to equtions(i and 0 1lin the patlr
hit RA4let A1 r(19"'].

It i4 a'sttmc in the U'41 marner thAt --

-Ahere ii ii~ con'itkretl compki (ie ep1 f nil and k ki the Ia si 2 e Im that 11pa'r ulme 411 Cr l C4iu IN -k 0C h
isav c Ai the iooplci %a% Ta~ X !:,4 OR ~It' V WCOOICnI by '411141 li1CIl hN 1O11.4nbk l te# 5
r-4' 1s -e si) at e fwpii tt4kItC% 116 OutV 1fhe niltsth 3,Urgc dimens1 Pefic(Ally edc.

knntiine the I's 2 ficipicacy chntist~imn'

Ohih k~Ads to pk thereforec. 'At set s, to Infinily and teat the north-South
case. Note #lgo that (or uirler 3t the Pi 2 pulsation (rendcs

14." k (I + X11 (171 are higher The epentdccof it' nd A Is weak.

rdr the frequency disersion an As noted abo~c. we solve for the Indiuctive (X >0) ttxma of
(17). The resulting values of it), are Ingerted Into the first term

14 et - 2e'.Va 011) on the right-hand side oi m( and plotted in Visurv .14. Tlh.

for the Flooth tatc. charocterii nonth-south dittcnuionf of the surge ik taken ait
Sqffe (1971L 19112] has argued that the maximum growth 5WX km. and the (luantlitkXies a, and Vi1 Are %cl it) 10 and

tatc occurs for X 3, 1. However. X It not a4 free pironxicr. 0.00i 'rspccti~cly Note that a mode Is excited %%htnevcr
and Ii value must be cosisitnt with the soutioni to 0171. I-or X - 0 or to 'a (it +. )I,' J. This means that (17) has only
each value of (n -a 0. 1. 2. --1 one obtains two solutions to physical solution% for frequencies less than Xal./A.. Now the
(171 One root corresaponds to a negative transmission line value of li increase with the energy of the precipitating ckc.
lopedaonce or a capbcilitive tesetanc and is highly damped, irons (Roit hwdll rt atL. 198)4.Thus the energy of the ?ero-order
The other root coftespondi to a positive linductive) rcaetancc component (de) of the precipitating electrons controls the
and gives positive growth, This result is consistent with he number of excited modes as seen from Figure A#. Mort ener-
views oA' Sato0 (1978]. In the following discusiion we consider getic precipitation Is associated with hiShe magnticactivity.
only the inductive toots of v), Seaurai uad ,MIdheeon C198)13 analyz7cd Pi 2 magnetic aic-

One can view the substorm current wedge as forming a tivity. Searai tend ,%Pherromt [19)3] analyred Pi 2 magnetic
box-shaped region of enhanced conductivity. The ionospheric pulsations observd at geosynchronous; orbit on ATS 6.They
waves assoiated with the Pi 2 pulsations partially reflect olr found that as magnetic activity increrzsci. the frequency spec-
this conductivity Sradients on the boundaries forming standing trun tbecame: more complex with more spectral power at
waves in the x and y directions. In the following calculations it higher frequencies. This ii consistent with Figure 3ae in that it
as assumed that the waves are dominated by the fundamental hirger 1* is associated with more energetic electron precipi.
modes, i.e.. the waveknglths in each component are of the tation and faster motion of the surge boundaries, As swen from
same ordtr as the scale size in that direction. Figure 3a. higher-frequency modes are excited at higher

Now the k - V term in (171 can be expressed as (see (D3)l growth rates. implying a greater contribution to the spectral

11' w ;,k - V"(?ntQIIVJ 9%17 + [ I I R 0 7)11R 1 (19) power. Figure Ah shows the correisording mode frequenoict
for the satme inputs as given for Figure 31t.

'Ahere ;. - 4. ;, is the length of the surge wedge in (he A horizontal line in Figure 3a would represent the damping
t ast-west direction, and ;. is the surge width in t- north- duc to electron-ion recombination. The net decay is the diflier-
south direction. Figure 2 shows a plot of the right-hand side of ence between this curve and the individual wX curves. The
(19) for various values of a and R. The long dashes in this present theory is applicable when the intersection of the 11I, .
figure represent the product I-x. Note that for most cases. -,- is line with the electron-ion loss rate is above the growth curves.
a reasonable approximation, which means that except for very If the intersection is below the growth curves, then continuous
small i tzero closure) the not h-soutla surge dimensions domi- growth is predicted, which, of course, is unrealistic. Therefore
nate the Pi 2 frequency characteristics. In the following exam-7 this latter case should be treated by a more sophisticated non-
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the number or modets ecioed and the o catl time perofit of the re. 016 W'o Vf.. U W + 4 ,
suihing Pi 2 pulmtion. A horittimal tine ewl to 2.. %ouW rcpreent r TiC
vat¢damping due to leteeIon-ion recom lrttion, I'I- 4, AIGL nelncter rl Po 2 data taken on Ju:) 16.1979gtcuilo)" It Singr AFGI.A

linear approach. The stnsitivity of" the results to the Yari' .
pAramters is a follows. Itigher cic;ron prccipitailon encr.. rcombinaticon und 'ence cnham.tid damping, The faster
Implies that higher.order modes are excited with faster gr growth riles domtin:rat hIwmecr. so that the net diIet is larger
alute and also that a higher ionospheric Ionization dei,.. Pi 2 pulsations at higher incident letctron energies. Iighcr
attained. 'bhws. two eifects tend to offset e.a: other In tile incident flux at fixed incident energy can lead to oz'rdamping.
stnm that a hilghr ionit.ation klel implies faster etectron.ton I.oher flux Auses more rapid g owth, Smaller %alues of i,4,

Ilongcr field lines) lead to the cxcitation of more modes shifted
lto oer frequencies,

s I Ii the preent model an etternal condition is necdi to
13, relate the 7ero.order electron priccipitation flu% %%tl the ciec.

- * Iron piccipitation energy Ii order to ensure damped Pi 2 put.
-atOni,. we tlerefore took tile results f rradman cmnd .rnmnr
'9t0O). %%lhO relate tile lield.aligncd electron fluxes %kith the:':tocaa lield.ahLned potential drop.. They consider fic
separa'e casces corresponding to dilrerent boundary conditions
In the pla%mla Nhect source, It was found that all five cases

I *" gaic values for c':ciron.,on reconbination damping that %,ere
aho\€ the grwth rate cur-,€, shown in Figure 3u, The Frid.
msi (mi LenIurcre [198(i] result, therefore are consitcnt with
damped Pi . pulsations a% deraed from the present model.

Now in equation (231 or piper I we found that the 10'd t
flux along the poleward boundar) had to exceed mnoln , i'
value in order for the icure tt) propagate< It turns out tlit tiN%
e.-itcal flux exceeds the required flux Iesel inside the surge
region to cause damped Pi 2 pulsations. Thetefore from the
present work one expects damped Pi 2 pulsations associated
%itli poleward s:rge mosemnits. This is an important consist-

-,. . eney test between our theoretical approach and obsersational
V,. - results.

Fig. 3b. Frequencies or ihe %ar,ou;, modes for the same input p3- Figure 4 shows a Pi 2 pulsation as measured by Singer et at.
rametcrs as shown in Figure 3a. (1985]. and Figure 5 shows the results of the present calcula-
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Il1. S The re'¢ lttng mol ,l Pi ? pul.tion ulie prolile tuied on the esnmrlc shown in IFigure 34., This Is n l~nearf
.ir~i~'lttI Itfhe ,ndis,.lu~tI Iiode, n'um1ii1g nil are tniuI' retied wilth nln ,:qunI hut arbitrar)y iinphitwk|. FIglures

.<r 5 .rc Ithe r1h€ fo incit ¢dent cncrg~ies of -2 lkV.. 4 ev. 6 LeY. aINd 8 LeV. tespeetiely). The€ .orfeip~ndingl jtt.iPitatingl

electron luses tid are 3 $ x 0% 7 x I0". 1.1 x I0". and I. Y 10' M i o' t '. The equihhiim i ltotalion kel I i i en
h X, - It 0 11, w %here Q i t he on prduclton rtae (Rees. 196' and a, is the clwisnwin rsxombinalion rlate. The
Ji11Ppig willa 1' Pistn h) % o thait a mininium vulue of Iis required in orsk.r to escd the giowth rowe gisen in
I Iguir t., 1.erf %.tlucs of I le.id to 'olinued grosth and to d1* nonline-r rleime that is not e\reVd in the pfesent
theor),

tion Ahere the excited moldes wre considered initialized it which has as a free energy source the alst.west electric field
equal amplitudes and all having at motusoidaI dependguce, The lif, t i the subtorlit current dge. The feedback instahility
four cases iOil 3,d correspond it incident energies of 2 keY, 4 fills the flux tubes from the ionosphere with Alfvn wasa
kcV. 6 keY. and 8 ke. '[he incident electron fluxes used in which rural standing wases between conjugate ionospheres.
l-igurcs Sa, 5s wcre 3.5 x 10. 7 x 10', 1.1 x 10M, arid 1.5 Since the injected electrons are presumably on1 closed field
x 10" lent sl '. respectively. Note thit tie higlher-frequency lines; there is a simultaneous launching of Alfvsn wrves into

pulsations occur at higher incident energies The tigreemant the magnetotpherc fron comparable locations in the two
with Sinepr ei al's (19XS] data is een to be quite good for ionospheres. The ionoipheric conductivity is high inside the
Nigurc 5. 'ri, other eases lparticulirly Figures Sh and 5dJ are surge so that waves once injccit" ito the nagnetospherc are
not inconitent with obiervations. although they are a little cfficiently trapped between the conjugate ionosphcres (f1/ulhe.v
too regular and last too long. A slight increase in ionization ain, Soutlrwood. 1976]. flow do these standing Altv'vn waves
(electron precipitation flux) would significarily decrease the decay?
pulsation duration. It is concluded thai tie difTercnt dmping Saiktriu and ,ftePlherran (1983] note Pi 2 polarii:alion re-
rates for tilc frequencies arising from the Sato rormulatian can vcrsals in space similar to those obs.rved by ground-based
lead to composite pulses which are %cry sinilar to the mea. stations. They also point out that Pi 2's in space have a large
sured Pi 2 puls:iw.sns in shape and time duration. Therefore compressional component and therefore can propigate across
ionospheric generation of AIvNn waves could provide the pri. field lines as fast-mode hydromagnetic watves (S 'lyer lit.,
mary signature for Pi 2 pulsations. 'rhe damping of tile Pi 2's 1983]. The propagation speed is faster than the A',rvn Speed
is %ery sensitlc to increases in tile precipitation current that since the rast.mode ph:asc velocity is given as [fIkIhi:er i it..
erlluances ,V. 1975]

The resulting physical model is as rollows. The interruption
of the dawn.dusk current in the plasnia sheel causes electron V, + .20)
precipitation. !lie collapse of tail field lines to a more dipolar where C, is thc sound speed. It is argued that thcse waves still
conliguration. and the fornation or a substorin current wedge have a velcity component parallel to the inagnetc r. Ild so
throu -i the ionophlre Th impac, oF the initial precipitation that they impinge on the ionosphere outside the surge region.
electroils on the ionosphere triggers the feedback instability Outside the surge, howcver, the ionospheric conductivity is
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PIZ POLARIZATION PATTERN
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LOW CONDUCTIVITY HIGH CONDUCTIVITY LOW CONDUCTIVITY
AIISORbER STRIP REFLECTOR ABSOIRIER

cc CW cc

citol Av# All le~n Aihen %.ic fitsi the n~iasoftl ie Mou'tii t' the rccdtUv iltbiik . diccihdct in the

nuaetiheethc'e i~ourie Ilo tmpfc~monal Vk;IC% Ihut pfopP.I$Al ;I~trMII.j Its It OUtIle the Sub~torrn -Atcdgc

weihn thc'e I.tnpecwtnimi couple it) AV'kn 'Amiti Mat wer hst t~ibdi) the tonotphtti: in tcgSion' of to%%
titodocttty, AM %ktc fromi the ionosplicIt. she unCident 'ICs %%III h~c utce LC ~~it 0n iC jn *%Ith

much lower. and therefore wa~c ri:11"Iton is much less cf. conductivity 'Tis model therefore pro% ies a poiihkl energy
icient [Itughes emil SourIhwistod 1976; IEis and! &)sah1Awaa. 11th Illilt Ili 2 puisslionj Could (1llOW,
IM)3. The malgnetosphtrie Alf'vin waves In these regtions atrc 4,Tercctmdli ossen ihter~lo ne
rapidly damped by Jouk heating (lItgirses and Soiahfwood. I rRothweldi t sit,. 19S4) in that the election precipitation.
1976]. liuwes required for surge rropqiation are aliti '.tifficicntly high

'thei Alf'vin wale ereatedi by the Sato feedbnck lnitbility toi damp the escited Ili 2 puisntsoni. Te flu% letes predicitd
originali in the ionosphere and propilvtes Into the songx. by Frtihnue list./ lnie r 19801 aliki ensure the prcsence of
netosphtre. *rhis w~ie Is miussumd to have clock'wise poinriin. damsped Ili 3 pulitions In the model given hert
tion looking into the wace or co it ieretock wise poinriyation 'rise present wAork doci not c~clude the pihilist) or Ad-
looking Il the direction ofpropngation. It is niso lissumcd that dtillnniamgiieto'phersc miurivs of 111 2 pulsistins. We
ths: sense of poiariton ii not .01'ceted by crosi-ficld propagi. tssusne. howeier. thntt thest Ili 2's arecasiy reflected hy the
tion vi the fast.modc hydrongnetic wntvc. Ini the low. hhcodtityregion and thatt the ground-bawed ngnc.
conductivity regiont outside the subitorin current wedge the tom1etc'% Most efficiently rcsponld to thc ionlospheric source:
Incident counterclockwise wanse mipioges on the itonosplicre pre%eitted here
fronm the mogntitpre. if 'iot of the Incident wan t I thi
rcgiosi ii uiorbcd hy thle iontisphlre. thes the pola risa lts It A110114u 1 1.Ilgui% e We %~tult) like ii ledge usilc usitsi u'efsst

lookinig dowun is countterclockwise. In the iugh'eonductiv:sy itdiiidtu ouei ~CitCsneI*lhs'ii ia iraMarklund sif 111C t'fl).atInot IIII I eesii.stoc~titi". sili-Mn.
regiont the lancihed wai'cs tire reflected in the conjugatte ifino. 'Ind It W J fliuLe. ttouard Sing'er. aind Mictsnel itincnien at
sphere und return to the source region where they are hilthly Ai (if
reflevctd. Therefore the sense of pohsritation in the highly con.
ductive region is determined by the ionospheric source cltoric. RIit II "tI
teristie of the feedback meehnanismn rather Iuto by waises in.
piniging from the magn~tospiere. These Concepts tnre thu%. Aliisecr. A L.. t A AkInveer. R \s I'oltn. A (6. Stieko.a.nd K
tilted Ii Figure 6. %Wepantit. I1,uuviis Meti.r.dIslsim I. st 1. Lfiear Tlw'irt. Itnitbctt

the ens ofpoliri~tio forionsphric fromt Rntsmsn M~ 1) let Ii ijr. fleig.im.'n. Ilk% Yolk. 119'7Ili summaJry. tesneopoaiainfroophic Atkinson. (j. Aueist ir . IlKcul i '4 the inteetieiion o t4i d~nsinst
source% and sinks of Alfsnu wascs lookuig down at ;hse iono. rniagnoosiui %ith Ii,~ itntifilheec. J (,r.'rh-, R4-.' 4746
sphere should be retersed. This Interpretation is consistenit 4754. 1970,
%%ih the tohservtions of samitoit aund larrauld 11983) its de. Ytiisi"iiii he onl~rs s d std.igned tssreent Ilte i n the
scribed if, the itroductioni. auerta ione A u'n16IM: WWsi. tO4 Spite' Re'%. % 45 61.981

tt.turnitihann. %\ . ind N .11 (Mitssncicr. 'I he mtrlient re~ponwe
'The inodel tins the followinig reat ures. mechas.siiiu ansd Ill: pukitn% .At stsshstorn onit Re ... % and
I. 'rite Pli 2 burst is it result of tile sudde~i diversioni of the outlook. I1.ssrlsa plit I, R4 I. j.'. I 36. 1170. 1984

tail currenlt ito the ionosphere [Saktirai eon! Ahi'rrus. 198.3). Illtti. 1. .ind t) J Sotithsootl. KeIkctiL'n of Atfsen h)'e b noni-
2. *rhe feedback iniunbility is an ionospheric source for uniform tonositheres. I'l1ufrr Spiu 4- St 1, 31. t107 111. IM5

Fi~edii:. M... oind J Lesnaure. Reliatioshi'p% bc.'teen asiotal ek"irt'n
Alfv~ut wavecs. iLnrger-anplisadc componeniti are generated at flw anid iielltisuscd cltus rleitiia -. Iienoe.. J 6i~.qpho.
higher frequeniscis for more L'iergetic precipitatein. Rvoi 6(4 n'ss. tusAl

1. Stasndiig Airveit waves arec reauted between Conijugate *.~iiie K -11.. Oil tt1L 11iiI~u~i .,1 %4i1111ii~ i111i i5,i1iii111iiii

Ioniosphieres onl field tile.% tht connect the source locations. Llndseuss it% ds~sui.., oll g lolsgeL st. J C.. *phl % . 14,
Th'lesc stzimlirg waces propagate zieris 8 field lines %in fast. 121 117. 1944,

Itoiller. I. P'. and T. S:i.Quiet itnioral arLN aind deote,.dni.
mode hydrornng-netic wai~es. Outside the surge region the iwupaillg teistee ius~uplcrt and niagnelmfiptwe 2. J Grip'
waves are r pidly damped in the regions of lower ionospheric rhi Re 7.73307339 197.1
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yhq U.S. 0qw~norl~i is aqjtn~ia~q to qnwootce and $011411 1001
P" "oon Igfwlf tooffe"io vy 91"s.~ WMIgJ be 0611me Item

Ionospheric Electron Acceleration by Electromagnetic Waves
Near Regions or Plasma Resonances

(rnryoo tr i~ns.~ew lowvcA XNrifrvs Uw~nvesity. 19,itot. ,MftuIN4AMwSel

l:Iccirkm xwkmtkmn by kietrotnpgmtic fIeld piopqlaing in the inthomnogc"wout lon~pherie fil*tmA
it imceilipatte It it foWn tha hilth.-nmpltw slwit aimatkoth cecirthsi aiim arc gerfa by the
iifAi v tlofflapmlc k Ic~l Pstenetrate the rW141 %1141W, Their UMV CAII %y drK~Icily inAmnIk
their coctjty it) te cleciton Wf the intoknt fritlvcy, is r-eir the w&W h~tra~onk of the qvition
ItwMltet

1, LIMktN)VOWNi that are required cocced a value of 10* mWml (11torA' el of..
Alcrmtln of iono.-phcric clectrons hy clectrom;4nctic 19811]. Ncitcks sucha power Ictek are at kiaM a factor tif

lMI lkkli %ia irradiatioan either from Sround.ba.ct micto. 10 times greater thin what is currenly m~ailable in lono.
w-ave Ima7-miticus [l'mg aI sit, 19M. Hir~mfter el got, 1991. %IPlicic 110611n4 e,%Vcritnctw ltha other mtofe fea-shic ap.

or oom .41C1110 or ,4Wclom 198. " a problem or Pi0tmidlo* to ac~er~ ~ t temeeeirsin% -ItouW he
ivty uwcte rcsocarh. This interrm it rnotivatc%! by hoervationi 111%tligakd,
of hi~h-ctwt~y electrons by spacecraft in the ionosphemc. and !n i1115 artikle. we propohc it far tunic dcceotg: aclratin
thk Ncu on help to improve our understanding~ of baskc mechanism based upon propagAtion charaeltics of IFNI

prcoik of' wa partick plAstm Interactions (Frfrr. 19791].i~~tc% in nonuniformt plamai. It the incident frquencY 4,; H
Artificially 4twlerutcd cecrons o-n aIlo he used as probe of tiCar 2a 0. ritI the plaitm dcn~mty it such that r', is between
the ttotcnlial coopling Netween the is o~here tand the mij. helcluprybi. and lcectfrn plama. o#. ft.
wincta e. We ctaa~adcr an I-M monochromatic plane wavc qunis it) -q to) !; a',. imopling to clectromtc IS1 planm
of fqueny v', and av ocmor k and assume that the waei wawcs oft Amr wa~elength is possible. we show that thecc
launched near the ground at an arbitrary angle with relipect to waIv5 vter ertitly tramtfer cncrgy to the electront, We alto
the co"Itani. amieint mntield No. We tAke N. to he "Poll ealeulations relevant to PrrC.en: KlF healtioeptruntn1
J4og the -directin, i.e.. 3, fXt an t-ke,+&~ by consoderin# a power flu% P w I inWm")' The cncrp) Sincd

'%oe eloctric field can he written as K' w ens co c- ; si by the elearom' ii obtained by applying the 113miltonian po.
4# v~ht coi 4. where 0*Q kj + 4,- - #lot. and 1;, are real Miiaivils~VI thcor) tof S'otihistee siads I1wAr (19th7]. At low putop
noie'% I hie loot ion of a relati,61ik electon ot eb-ic 01114 fideld utitplstidc% %kv ~ind thamt paitickv% $:in cncy following
wo mvius sit it ikK-rit'ed by the Lomareiit, force cqao trajecorieisi an ~ v pha~e p;:ce alottg the /cro-otlcr I fatnol.

toilan It, l'ora Mtrani isti: prticle we have
IlP.d-JfEqr.+ %I(t t .)) (Ii

whaere H is tive wave maiscitae field. v is the particle %elivtty.
und p a nqvik the momentum. The relativistic factor is 7 (I %%Ihe(, t, - #1, (1 + i~j. t,t,,an~~d q, is the component or the
+I it, i'MI~CI + it where to, und to, are the anoaon. Nrati' little%. 0) - Sk i-a along If,, I-or Cectrotatac 'wa~c%

itur comiponents perpiendicular arnd pairallel to He, respe. %%c find that 11, - 0. and aheti that the ldro-orddr traje'tories
lively rhc particle ja Iits enaergy if thle reson ieecondita onis are open at! the pairtice gains energy in the direction pcipto.

- dicialar to the background mneutic field. i.e.. p, IS constant.

apre do--cly satailicd. I ere or is an itteger and Q - qJJJmstI is I' IONA1 %%A~ (31MRA a"rn
thec clixtroua qvycliron firequency. ,otdrte~u~gaot~fh~tta.~a outtrn

keccitly. t dhaldata nmd 11irte (1987] laame de~clopcd :t W o)Ie h rlpinttE %miannmom
henry tin which tHNI sup~iumouiaos tic.. I he refractas c idex a;no~pheric pla-mia WV~~ae tullcimt the density gradient j.

q. as mnualter V-1'.aorte cold plasma waves accelerate the cc.aogte, clv iut. that H.~ forins i an tude of with
trims viai reo. nt stochastic accelerat ion, Thait ii. by taking?' retpeea to .1. and that kt is in the plane spinned by ,and 8,,

-cs verl.p t we Figure 1). The launching angle %%oth respect to the %crticAlnoar 21). they Nhaow ,hat the cyclotron resonance overlapus is deoe y0Tt:agle between kt Lnd 8,, is
high power Imbcl. It was shown tha1 wmae intensities of 10 ieton dntdIn6Tea
111W,1i1. accelerate the electrons up to energies of about 10 called 2 mid dependi ott the alttude The rcrracta' index qj
kcV. Nuinrical iiegraian oft( I shows that for the electrons hmi% a compnp~ent Q along the vertical direction and at L.oipo-
tot rc.tuhi large energies; ft the NfeV rangel the power levels ten N tin the horitontal it direction We have the relation -.in

(2 2 -~ 11) - Q a;. Bo~au~c of the lioriontally plane mr-aii.
tied iono%phcric model conmadered here, the hortuontal compti.

'Aku .it Air 1-orce. Cieoph~soes Laboratory. ftanumon Air Force ocut oft tht; ;efr.,ctiv index N is a constant independent of the
li~i. Na~aeu~cis.plasina denmaty aind theni is guven by S = in 0. TPie vertica!

('s';ighti IM)h by tMe Ameriman Geophysical Union. component I' vnds on altitude (ice.. on the local plasnia
Kaper nuintir JAII4089. denlitliv obtained by.%olving (or the 110041r q'itilk
0148-0i227 89 JMA-4S~Oxswi disperion tn(11mdtn. 19611. We may choose tlic angle
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-271fl #gllA f# it * K111111

SIPtllit r1972]. and ItI contibution h much larger that, 11t
pfojloftlonal to x if A ', 0. 1h e va,, A - 0 hiwi not f ciicd
tny attention yet. N,%fe lc.i. we Itil that it i. f nlcmt.
.oni" the refraclih i div.- are la.sr than when A 0 I! by a
twfotr rt 1 i,3' ' Fsor it g .illshtle sirli. A i equal tI 1IlntJi

* a kvfltlin firestuuflcy' Alich 1* greater than l sand smtaller III-n
211 In (get. %i find t rol I) U, 41 .A K-.r. cn o for r
%crey clc Io 2n. In Figure 2. we, how the rchractl € itndlic gs

a unctions ti the atnigc if (or two vatule 44 the incitknt rc-
quency w, %hwh age %mllcr than hut clote it 2M. we I

-, 1-2 1 1 X he larget Q are founl nar II 11It.

p.%'here It. iisuch thait Alt. stl 0. Wc hgte that fosr I-# - 1,8
n), P *. 41 t, and Q - +,56. and that (tir , - 1.92 (L I -

_1V _ A! ~17 an~l Q - 4 (l
i;: I ( otdin".te %ocm .h% an1h1t4m l iftfton - The l.andmu damping rate I due to the I)oppkr shltcd

rcrqucnlcy al the scond hamonic 14 ( ce theapjcndix)

of Incldence 0 Such that I it.- I 15) 1.-3'(1, 41(2hn" I! 6%1 I0/',4

In ' )' Il I Y / t l 1 ,n t (4)-i5 - 2011,2L1(k,1111 (7)

where Y M flf , Ift e ordinary (O ml(oe is launched nar hc %ihort a (I - Y3'j, I - 1* cot2 l. We %ce that ifA A-0.

Ifourij tit the critical tingle sloen in (4). it will pclsc-;r r the I to i% ofrorder Ir,.r)1. hut trA is 0. then l'i'm - C(1)

radio Aidow and will be iransmicd near the couplin lcl The cormporcns of the group %vlocity along the %ttica .I.r.
Athcre ve w ,;", into the iItriordinary mode (also called tile 7 ard horitontal. r,,. dire tioni are readily obtained froI (6);
modeL The tranmision coeificient from 0 to Z moJc ha% Ac .how
boen obtained by MjAu ln [19114], and it is unity (total trais.
mi-,sion3 if S sin * is giticn by (.4), The Z mode propigales in r I tIr ai*(3AQ + 4Ili
the inhomogencous plasma of the ionosphere until it falls into c - - }(rk )iAQ : S (9)
the region of hlgh.frequcncy plasma resonances [MjAlAus an If A -- 0. we tit that r ''Lan -. 0 ' .nd then thM the W Xe
FI. 194], Near the plasma resonance, Il1 Q e eorncs; %cry propajates tn te4.rlv IQ-./ z .in Net. sitnce Q " ." ue find that !x-. ( 2) tilecmb ir~l,l An a.h then I-,, Q~~i. Ilvr. by adding t) (61d.

wavebeomes electrostatic. i.c. E n h n t -tan ) . nh f at E of 0• third thermatl correc:tion or lite form e (r ir Q. where r' is :
and O3f the ertical gfoup vIcelely component bliomes ery function or I and V. we Oow that t.. Is prportinal to
ahlL The plama density in the resonance region is •n . it 1 o'. when A - 0' bus i.* and r., ti,%ome of the same

r wr a 1. we order of magnitude and much smllkr than r,. for the a'A

( (I - ),2X I - )' Cos-' 0)" I (if A v 0. The amplitudc of the ic lin-avcrsaged clectric field can h

and X - a' U.A Near resonanc, the vertical componentr obaoind solng for

the rcfract index Q must be calculated by considcring a 1, - V6::Xi', I r (. AQ + 4hl,lla 1 (1W)
finite temperature plaimia, In f ci. by adding the lowest order
thermal corcetions to the eflicicnts or fourth and third Ilerc ii the vertical camponcnt of the cncrgy flux density.

degrce of the Hooker quartic. we ind that Q is Viven by solv- The highest energy concentration occurs when the group %e.

ing for lie real root orthe dkprsion relation 1061ty IS the smallest.

if, WIAQP 2,KQl 21' - 0 (61 3 F1iCIKI)?'I 'AsCi itKAII).N

%there M,%su iu g that I issiiall. the cncrgy tioat a si.glk clectron
may gain mcracting with :m general IN plane wave of the

3 sins Li
A 3 I~ 5 - V':XI - 4)*Zj __________.............

+ c)- Cos' I) sin' it Y10 Y.O55
(3

IS)*- I' - 0 ' .

-~1 +5) + 7,t )S7 
4 

-

(I - )3l t ~4y Y2'05552

T =SsinLIcos I . -2001
TY )20* '10ro

and i. 1he electron thermal speed. is such thlat Vrk << 1. A 2 Refr.it i indices in the plasma reumance regions, as unc-
brief sketch on tile ders, anon or (6) is pmsented in the apln- n of the angle V ciAvn the ainbient magnetic field anl the

div The term proportional to A was eacullated by Gtolius and %cttical. for tAo %uAtues' -' (1,41

85



VMLALOM 111101 RMIpa 2719

2.5 by wol~si for the ,croi orf the Ilamiltonian potentiah. we
A) consider two valuc, of wand apower flux t'- I mW m*. The

amplitudes or the US fields are Otted from (IC)). Wc.We that
Athe "n 2 resonaroce can only trap cold electrons for atilkI

t3j G -5 greater than .10 if to a 1,9 (1 W n W21 a 34 irt, - Ni
n (Y - 0,331. The broken lines near the 01 a sk, 'hich mokci

Y#0 55 A it0. Indicate that I'., - 21141'r !1 . and that
5.,I' r - (l). Thus the energy of the ES held% iistMrongly A

01 w- srbed by the bulk distribution of plainia clectroni Thc kinct.
11 1.00, V1 lecrcSk reached by the electont #re 6cry large dt- to the

- enhanced electric fields and lartt %alucs or q~ nclr I~r# .b-r
larter: V3lue0 Or (140l114 line16. we find that 11 V ois 'rY %mal

rn (Ix,. 1*11" -Z 2 x IC) 4), and hence that only a few tlectron%. In
II the tall of the dlhtribution function may interact with the

diculsr to the constant itiaonetit field up to energies of the

Y 0 V~ ord-r of hundreds or electron voits. Note that in thc iFarth%
- dipole magnectic fleW the mirrorinS force acting on the ckc.

Ironi will also acclrtet them along geomagnectic field lines.
Thc Interaction of cold electrons with the it I& I rcsonainct

a~ "' 9ikes; piacc for all %-alue ior a. The net energly p-in tin evi as
li 3, Ndk eaery #sin at functin o( the angle0 bItc llice theriionted in Piurc .1h. undt it quite small if 0 is 11, This ii

ambient mapnetc fiel iand the %eatal. We conaide two %slosof il! auwe the rcsonance condition 121 is far from being wticd
Y I).'.. and t1e Inoiticlon of .% c k.:ronm with (4) 'hen 04 11.4 andr to ;1 20., m - 1. arid initially told electrons,
IN the III - I qvilt)o isonanes ."be time It take.* to reach these enrgiesis Can be VA1 ,0latc

with the help or I I I and ( 121. We start with the n I I cytlo.
form given before (1), has been obtained as at funetion or time iron resonanceand cold electrons until the Iotential becomes
in the artkle by Iaai dn J Iure (19fl7]. It waf found that rowitive. then, If there is eserlapping %.ath the .t a 2 reonanice.
the normali~ed particle enrogry U is obtained solving for the paorticles are Accelerated to hith energies. For c~ample. for

(U + l)(~~r~+ lp.W1 - 0 (11) 111 n 1.92 Al :ad 0 -23 . it takes l6M %%Avc peritds IWIi to
gain 2 keY, where half of this timec is spent reaching the fiw~

where V) - - 1. and timec is aiormallicd to number of wave- 1oo cv. if v0" 43 the electrons gain m0i cv over s6 wP (see
pecrioth. ? un fill. Here wev consider theC eketro1 In1teractionl with' Pigure 44 As a second cesampit. we cosder wv" II M.fl if
a %ingle (isolatedj cyclotron resojnantc of order it. For a parti. 0 m 37', it takes 3S WP to #ain 350 cV. but If a -46 . then it
ckie nitially Ct in 0) at rest Intcectng with the RS waves only takes 25 WP to reach the %ame energy (wce figure 44;
t1i 'li -t-an 1). and F2~ - C)) that arc $enerated near r 00- Although the first and second cyclotron reonanices inay owe.
nance. the I lamiltonlan potentials may be written as lip over a broad range in cnrocics. wev find that we can neglect

+ cos, wjv)the contribution of the it 2 resonance in tie overla-pping
i~() .. Z ~cos 0~L)region. In fact, if I, - I St 11 and 11 w 37 It takes 431 Wil to

- 1:,2 %4n0 i1(X. 1CC3 + K. jtUi) 0I21 reach the first 28 cV with the is - 2 resonance. but it onlly

withs r. a I -. IY. En~ -qEj(MnnU. and takes 7 W11 with the is w I. On average wea find that. in (Giu .
sian units. the amnpitude Lit the electric fields ate about 0,005

I. times dhe anibient itagnctac fiell,
KW -1,J.:(kjit'N I II dt" 5 CiiM I iitRIMAkk%

I lerc J.t&kp) are Hessci functions and is' is; the Larmor radius lin this article. whAve licivctigitcd the posmihiiq of uLccl.
evaluated at LW. we hame pt r'l [2V. + M~ The allow. crating ionospheric clectrons; in intense elcrnagei EMI
able cnricgies a restricted by the condition ljt) O ii Note field, \\'I have presented a very efficient atcceleration and
thait the first In In C12)i always positive and doininatcs heaiting mechanoim which Lonoiti an the Sgeneration of shott.
OWve all the toers att large values of L.. Thus F.tL jcan be wavelength. high-amaplitude electrostitic tESi fields by the in-
regarded ati a potential well within Ahich the particles energy cadenit EM waves that penetrate the radio %indo%% 8) includ.
owllates in ionic The kinetic energy slowly ineneascs over ing therinal cifects. wec have derived the diipersitn relation fior
many cyclotrona and wave perids, undt the net energy gained theie E:S fields, ianalytiL4 evpirevvons arc given for their Proup
hy tlia particle has always a finite value. If 1ttl'J < 0 when velocities Lind damping rates, blecause of the very %m.ill group
V * C0. the potential can trap /cro kinet.: energy particles. velocity components in bthl the vertical and horaiontal duct.-
tlie A: p~irticlcs mnay increave their energy upI to av %alue V - t',, tions. the elect rornagnet IL energy vighly .ositentnoued in ,I
such, that vjtL,. ,l it 0.wI 1 - o) %heni k 0. then thie ;-A. region of plasmna resonalue The celtiveness of tisno mcd.
tentiail canot trap 7cro kinetic energy particles. nasin depends onl the vduc of the incident frequency I-Iandl oin

the angle 01 that the background muagnetic field forms vvith the
43. Nosti RIeAL CALCULATIONS vertical direction Calculations on single particle acceleration

in Figure 3a. we represent the net energy gained by the show that the electrons can gain I or 2 keV for moderate (I
electrons (in keY) due to the interaction with the it 2 cyclo. mW~nv2) power levels if. for small valuecs of v. w is chosen
troin reonanice, ai function of (1, These energies are calculated slightly below the second pyroharmionic
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20 fBy considering that cos :t - IS sin 11 + Q cos 0Glut with 2
f YA)5 S. and by keecping the hi~her-oriltr Powers in Q. we may write

>~ (AO- + 2k?.'V + ]-A)

I eft r - I - X X, whecre X, kci lcni Of andI A., atnd) 1121 ~ ~~~~~~~~arc Itocn after((,). B killy stn ~Ir ~alat ctn./
%%c obtin the shiperiion rclation (61, We alto hav~e

42 ~ ~ ~ ~ 1 04 Ix rN (,n)J - c -- J (A

Y95 The componcrnts or the traup wCocit) v., v.4 in (sI) and v~))
Y90~are obtained by diefining X' -" V#fQ". and then

> wo ,~
%shctt recall that rku oQ andie~u-S The LandAu
dAMping frte at1 the weond cyclotron harmonic it alui oh-
wined by consitdetrig that it v vs'pQ' anti then that I'

'noirn*Z ; onu1t  I left x "1*1 t'; W~:9i Uixe where a

0hr , r opnn~o h ilcrctno (th 14 21 2it deit5n i a uoro h iprefu todlA. ,onj Ar drawl.indicated~ byi the autentiot tno the ptlukm of~ propptih iboot lk radiorLiiP l~r.
1 1und eleret ItAin at lelo 1973 liest e nomad n of r~s %knw arr tpu diwL..W la cnwl ep

%%ot csoi fii t thealeliuan t e ambientl nticed roua iukone. l-A W L Burket.F~illan and I-. A Whunr, woerIs&
an thel %ci ric ander Y -- Q#4 Yhc e ndrg is oc sin (a) KcV an k b b eecmtioii in the iUn. Ahr Fe biuclyr Coract F ki raX.

F r tetprpendticuwaveandhparaleti responefnct on Iso h jr .A oopei ndilao n aawcr~Iaiai

t/n ahlal 111c ,~ atad A% +12 ol: c cszsn2 A1. Pala Linearnd rW n Ko im iion and ahatarpuo
whvcr, rc cmpocrit orthe icicirk icsor therow t %ty dcpio in A reciba.o ~ Uighhetc.c Enl.iitsnl ci.413. 192.
~~II - - -- *~~'~~(PhilrearWA Ilaijam. I& dn.Naa 1979&

fon -~chr flhiou 19J1 txm.exad , In , 1(ok. nYork.a'ertd Miesosetdi SI.J
powers of~ ( *$. smal qate si' an [(t Brke J. Cs,,C 4027. IVlljn adMAlcicnam FW

- +1 or ' hr - 0.1 -ndk,6 k si 2). k,~e A) ius co, a clrtouin to ionoeer yoliquel prni~le.J ing~ clct.
(I )m' 2 'lJ~antt 1.7 .1944.4#4wv 4.17.9

rind G(-oVlAln. V , and A, 1). Pilurk. RLariitastipatile and oler ion b

oblY 3sn2 ciituelS. Brpacncle ifanei Plas Ps ~u~,JO 65
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is" tforlipt OWME.

Relativistic particle acceleration by obliquely propagating electromagnetic

EWMn VWOW~t

Wowie J. Burkte

(Received 4 December 1956, accepted 24 July 1957)

The relativistic equation o(motkn are analyzed ror charged pArticles in a magnetized plams
and externally impo"~ electromagnitic fields (ao,,), which have wave vwcors k that are at
aritrary anlks. The particle energy is obalne fromt a set of nolinear differertili equations,
as a 4wl~tofl oftime, Initial conditions, and cyclotron harmonic numbers. For a given
cycloAto resonance, the energy owcillates in time within the limits ofA a mential well;-
stochastic acceration occurs if the widths o( dilferent Hamiltonian potentials over lap. The net
energy gan for a riven harmonic increases with the angle ofipropagation, and decreases as the
magnitude of the wave magnetic field Increases. Applications of these results to the
acceleration of ionmopheric electrons are presented.

1. WGROCINthe comnponents perpendicular and parallel to B..respcnt e
The Interaction of hlgh.power rf fields with plasma pof ly. This interaction is remot at multipec harmonics of the

ticles is a %ubject of very active research because of Its rich. relativisticcyclotron frequency 11. The resonaneceondmoons
nes in bask plsma processes and practical applications. It ar
can be used asa method to increase the plasma temperature' w, - k,P, - nil if 0. (33)
and to accelerate nef prticles to high energies.- Particle
acceleraion by cectromsatic waves is a wcll.cxplorcdi area of I 01m(Y" GOb)
research because of its application in laboratory plasmas.? where n is an integcr. thenonrehitivisticcyclotron rrequencyAlthough les is known about acceleration processes by c. sdntdbyfkwee0 c h aeofacrual
tromagnetic waves,"-" they may have greater relevance in Is dine by l, r ftw, nd Te -0) e ofhc ruarate
space plasma physics. Recently, there has been an increasing ~o. ~hsbe tde nRf.81.I a enson
effort to understnd the basi liosp5heric Plasria procesM that to all orders in the field amplitudes, partics can be

and he atur fpariclemoton udertheinflenc or aclerated indiefinitely provided that (1) the index of re-
high-powr rf fIleld.* A number or nonlinear ph 11 let)

havebee oberve suh a th roratin tca~ ons(loal fraction Y1 no cA 1w. is equal to I and (2) the particle is initial.
plasma density depletion) and parametric :,astabiuics. fi ly at resonance with the n -1 harmonic.
addition, particle acceleration has also been observed near adIn this paper we cdtend the analytical results of Roberts
the critical layer where the wave frequency matches the local an uhbu't ie rabtayplrztos propa.
pinsm frequency.' In this paper, we concentrate on single gation angles, and reftctive indices, by assuming that the
particle rather than collective plasma motion. fid amplitudes become small compatred to Mj as thie prop-

The mdotion of a relativistic particle of charge q utnc res agation angle increases. Our analysis is also applicable to
nias m.unde th inluene o anextenaleletrozagntic electrostatic modes, whicl'i appear as a particular application

tanti m. unfr h iiiuacnic fil nit, ixera delecrid bythe ofour geiieral results. We %flow that the net energy gatin for
ficid nti a nformgt:fel 1, idscie y[i any given hantonic resonance is always finite except in the

Loet~frcequation cawe oreircularly polariyed waves with il = .To lovtest or.
uIp l~ x s+B' I er in ficlamplitudecs. lpartilt:% Sami energy following ccr.

41? + !X1 (+ w tain trajectories in (p, p,) phase %pace. These trjectories
where e ii the speed or light. Gauwsanui nits are used tony he opened or closed according it) thle miagnitude of the
throughout the papecr. The wave propagates at an arbitrary wave magnetic field, the angle of propagation. and the VaUIL
angle Withi respect to Be, which we assume to bea along thle z of refractive index 71. We find that they are closed for electro.
direction, Without loss of generality. the wave propagation magnetic fields that propagate at large angles, and hetic. the
vector is given by k = kx i +j k, i. and the electric field is net energy gain is restricted to finite values. They vati be

E - k.,cos4, -9E2sin41 i~jcos4P, (2) open.-d for em waves that propagate at small angles, ifq is
iA',Los4) yk2 sin4) iE~cos4) ~ (2) small or equal to 1. For electrostatic waves (i.e., for small

where i. j, and i are unit vectors, 4=k~x + A, i - wut, and values of 1131) the enerpy trajectories are always opene.d, and
w is the wave frequency. The wave magnetic field is given by if resonances overlap, tlia net energy gain can be very large.
the Maxwell equation:BH = c/ta(k XE). The relativistic mo- The total energy 11 is obtained fromt a set of nonlinear
mentuin is p =mrv,, where ), = ( I - vl'- iv') - is differcntial equations wich depend on time, initial condi-
the Lorentz factor, Y is the particle velocity. andt v, v, are tionS, and the harmonic number ni. In deriving theie equa.
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tl~cs, we amuum tat the prite ut ergocs manlycdotron nolt of the paticle 111011enlt on :16 bc wnttwn its lte
"tbi Weort Its energy changes aprccably The slow tinme form

ervoluitor or// is foundI by averaling owe tame scalc* omo-
cialed with the moikon of the wave and gyromotion. and ~ p ~!~,~~i''

napotntial wlKaWthntmaxmumn alod tary n (q-im)r. A, Iin Ito (7)
Iivehn by setling the potentials V. 1 tdi 0 The widths of
thepotntial wtl are alwo en as funactons of 111 andi the In our calculations. we shall negkct the corrictlion to the
an~lc ofpropagation. Wc find that the weoance %%Idths in. cycIowrn rreqlucriy in Rq,. (6) and (7) by amsaaanng

4 ~~crease with the &rnsk and decAse as M!i 11creasam lkcstdcl, 8, Rc 1 ~ltiqei~mtacilcL .n
they art larger for particle that initilly waiify tht to'o. 841 Vt small).
naiicc coiontlx, Eq. (3) 'Th pimttcl ma~tin bcmes sto The evolution in tami tif the partikc cicrgy t,4 givcn Ily
chastac hen the -adthi npoicnnals rorirl~tertt hmranoais /I 1 R.
oseulaa. 4nd then the mean tact munientum tran-ifer to lte Coo
particles cani be very large.

We apply our result% to the acceleration ofckaronm an - S5& p1 ilt *, Cos 10(8
the ionosphercbyconsldcring on Waraordin~try mode propa.
paiing into it region of ixcAsni pli'ma density, F-or lte Equation% MS-0R) are lte foundations, or our theoretivcal
purpose or illustration. caleulattons arc presented with a analysis.
mode frequency o0 W W.f, ce 11, is etlluatd in the Mkomc geing into a detsiled tmthematical dcrivultin, it
Eanh's magnetic Ikdd (0, z I 1.$ Ni Iz). We.04%, chat. zk is uscrul to corsidcr thelowestordcr sciluious Inthe l~c~t
largec Anglet of propagation, initially COld paaalcles can be ficliflamlitudes to Eq%. (5)-(7). If thc cktric fiel ampli'
accelerated to large energies at power levels (P.,0,2 W/ I"& is Sm121l we may aPProxitulc x by
cmI). Thit haipprns near the critical density (eutor) whitre x - 0 colst + ar). (9)
the wave vectork Itnd group vlocity along kare zcroand the where a = jAfl( r% c: an a - pqIp,,, andp a v, /twave amplitude it greatly crnhaniced.' In addition. we also 1% the particle gyroraius. erefetheubscriptY4ro rercri
And that the mode becomes purely circu'larly polametd near t h nta odtosa .r eohodri h lctlt cutofT layer, and its magnetic fieuld anmpliade is ver totcil amlitdes Eq (5 yireldh drn helesmall, Becausc the first and second cyclron harmonic re* tefedamltds LF()yed
sorisrces; oviz!6p near the cutoff, initially cold partices -p o +n~ K. ( Io) (1l - //a). (0
which gain W Wn energy inteiractint with the Airm harmonic In te-mi otp1 and p, the components patralicl and perpen-
can be picked up lty the second and boosted to still h1ihe djculAr o Brespectively. Eq 10) cant also be written ats
trneries. For small angles or propagation and at the power
levels considered In our calculations, we find that resoaananct (.t + f .~l..
do not over lap so that initially cold particles only itcract '. IC/
with the fiast harmonic. Because the resonance condition,
Eq. (3). Is far from being satisfitd for it - 1. cold particles P, me~Il77
v, w-0, and te ra2%1, thcn the net energy gain for small n. 7ski~ of propagation is very small. 1K Y(r I), (1 a)

11. BASIC EQUATIONS LA. I + k, IV
Wesar (lsiirnghtEq ainttcrlo)

trpWre cstats y c onsin"ht- . l d h lw.where, is the Lorcnt*. factor evaluated at t 0, and to, ks

dn P 2h rce constants .fmoio. also evaluated at i k- 0. Note that depending on the inagna.
(p )o.(4) tude of fl, Eq. (11) descatibes families of ciliptical

A) e (1PA >I). pairabole (I/Il I), or hyperbolic (1kif.t)
where r = (xyz) is thc vector position, 11 = yincc2 is lte trajectories tn (ps .p.) phasespacc.
total particle energy including the rest energy, and A. the
vector potential, is

A - cEj/&, sin 4V + jcE f.i cos III - 9.cE3/e, sin If). l.SLTO FTEEUTO FMTO
After multiplying thex component orEq. (4) by k, and lthe: Il.OLTNOFHEQAINO M IO
component byk, we easily obtain Equations (6) and (7) can be solved to all orders in the

A, - (,/e)iI + (E3/E,-)(p, + (1p,) = , (5) field amplitudes as functions of' III k~x +f k, - ct and

where K, .- k, ( I +1 1 Rka/EIfk,). I ereafter, dots signiry Q -qE,/ta)(ta - Ki) (qE14i(to - k~). (120'
diffecrentiation with respect to linic. R =-(q,/eu)(0) - AK,i) . (qr1/( ( -- Az) - (12b)

The equations of motion for thc perpendicular compo- We find
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Primcd and unpeinmed quantiiic ate ce-aluaid at tnic' a and

2 a", rtspectivly. Aftersu toiuting th, k eq~ m%, into Eq.
(5) mn integrating, we obtain*I co € ar - su - ,')|da' - p1 sin(a + a),

(i ,) P, O, + (--. /0//)

l;M -"if"(U;'l) -+ (Q + R)cOS'd,'. (14)

R). ( kxw (D3) and (I) togtihcr with Eq, M gi) c the
I. A01( t,' W)Jd:... coq(+r.-1). Al'kwinllcAprCasion fOr the rat ofchanlgc opattle Chner.

(13b) gy:

, (, .E Q'costu.I., -00 + *')dr' + Rco (+ -u - )d' - 2p sin(a + + + o)

10" " - E:) CCA(r cn "+ " -(),' A ''o%(+ - / + + W)dh '0 sin(* -a - 0

~±E44~ + K, ~(H - 114))cot4--L( + X ') rcoi(4 + 40) + cos(tO - **)Idt'i35

We et at polarizations reprnesnted in Eq. (15) are related to terms multiplying tlectric fle!ds in right-hand tEl + £:),
left-han (El - Ei), and parallkl E, modt-.

Ntt, w subotitute for x using F4. (9) and dcAn T w- a...+ r./2 and * Is k,: - wt, so that 4, + + kp Fn T.
After exponding the sine and eosire itrms in Eq. ( 5) in the series o" Bosl functions J, (A), we obtain

whe're

1. 01 -. 1 Ed. (A)(, ( 1  (')cx(,T. ,,,'.I 1P+ ')

X, ( V ) cosW -,,T + '1- ') + AV, o (A IcosnT + MY* + + If)da

*2p, cos(W + '4')) -It J, (I)[(i X .O .+ L' (u - u/o))cos (nT '4')

f02 'lJ,.V I I coglWT+ MY+ + V) + coslnT-mT' + + - V) dt" (16b)

where A = kp. and the summations are over all Integer values from - m to + W. Note that I! can be split into rapidly
fluctuating part,, which depend on the time scales associated with the motion orthe wave (through the function is) and with
the gyrtmiotion (through the function T), and a slowly time-varying part 11i' 1 f(uI) is :any given funct ion or the total
energy, the slow time variation of f is obtained as

f)I f~a~
Our .iet step is to approximatc v, z (cr"/lI)p, in Q and R by the Yeroth-ordcr .oluiaut it) Eq. (10). |lcrc, e'eiy II

fulCtioI apparing in tiledefinitionsOrnf, andp, is given to lowst orderby theslow timecilcrgy function ll nhcargumcit
oflh ilail fuictios), and thenoniclntUmp, are also give:n in teriis oflw and initial conditions by means oEqs. (10) and

(ll2},U(lll (7

where flu = - qB&/mcyo is the relativistic cyclotron frequency evaluated at t = 0, and U = (H's- HI )/Jf0s is the slow time
evolution of the normalized particle energy. Differentiating Eq. (16b) with resl to time, we obtain the following:
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i4. ±CE,, + 6)4. 'r .)X{Q4, ,txlcoil I,, ., )T + ii'i + R.4, ,R )eoi(,, - m)TI)

+±±J4 () (Q (coijli, i(n + m}PT* 2* 1 +cmi (n m)T) - (nY P. P,.
ov El

%here t + nn. + k,v; - iv The fun lton P. ist ll by

0 R ".d ' )SInY iMY t, * ''J4* 1 -0-, MldJN. #(44

tAnnT mY"*' -V) *R ', W)tnmnT4 MY*

[( -c~ + It WJ, Q )(sin~n W mY *. +P +sP + sin (.n - mY' .t +P - d
Diftrentialin P with rcspc to time. we obtain

i. - .1 .(E1 +E£.)J4  1 (;)(J.. , ()stnf (it + m)T + 2' 1(4 .J., (.int(n - m)T})

+ -. - J4 , .(.){Q4. ,(A)ml t. - mi)I + 1(.. , (Aisif(n , .m)T 4+ 2-1)

i< -Jo2i. e + RJ4(~l)(sinl (i + meT+ 21J + s;nj(n -miT)) i (itT t. 'P)I'}/.D

0 El "

Sincewearconlyintersteintheslowtime vlutionorthc The supcrscript S rc'cr% to the 1kw fi tnrib-iloni.total panick energy. w can averagc Eqs l (S) and 19) Here. PI is wh that at t-0 One has . (0)
over the fast time dep&ndencics (i.e.. over Y and *) to find - 4(/4Ie'k (O0isn 6., where
that only terms with nt-m give a nonzcm coitribution. -'
weiasoconstdcrthecontributijno asingle (Wlatcd) rcso. P.(0) N.o,/2r) - ( it +.t.. (.A
naice, and then for each harmonuic . we ind Ihit the par. + (X - Y rli1 ) Nn)J / (A).
cl- terl)y (4Hil.ew I{) beys the followinl coupled
dilfferential equaions: 4 - n(r + a/2) + k, :,

1, - - (q,' /w)( l1 o) , In 1,2,3,

I~ -1 C" ""E1 + E'-)) , i ().) +R ./a) . } and all quantities with the suript 0 are evaluated at i - 0.
Combining Eqs. (I0), (17). lid (20) leads to a nonlinar
equation ror!! as 3 function of time and initial condition .

q (20i) fllcreftcr we shall drop the Son the function ll, knowint+ - , - t+ ha by It we always mcan the slow time etoluli o of the
particle energy. Aftcr multiplying by lI/I, incgraing once
over time, and writing all ".xprcssions in terms of normalized- (nh + +)w. (20b) quantities, we find (w tie Appendix),

(U + 1 ; ) I+J. (U) "0, (21a)

22r 2-4 ~ U+-,j2' (O)d'U( u +- sin. + ("" - 2+( ±)

x{ (12 - T ,)IF., (U) + G., (U)I} + (12 71, 1 I..[volc) F. I (U) +/ G., (U)l
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Vj{G#.(u) +F.() P1,(VI,/c)J Q)+ GA(U)jI) - j .M0COS6, 2 e (21b)

whete do I - %0, -k,1ov fl, is~ defincd In Eq. ctartdf~rn amnisoclp h aukmto
I I lb). r. I - k- , - ifl/a. a nd bcemo stochatk and At the lict momiltum fransfer to the

particle can be tiry laric. Nctihless, since A (ft argu
- nmerit Or the Bessel functios) 6s kivcn by the Io~wrordcr

solution, Eq. ( 17). the amount of enecrgy the -Articld can
F. 1j~ A (u1)4u. lain IS litd aCCrding# 1o the V4luC dft,, In faCt, M311l that

with v' a r, 1. This Isjuatt x 19remil equatl" descib. the Hfamitonian trojectories ms defied in Eqs. t 1) arc open
lag the uMAIO" oftrapped partlicks within the 113milhonlim hypelbolAsom' ro, It I inu a p,.p,) phasespc. ForA:l I
poicsilia well 11 .Uwnkr the limhkA' 0. 11qs (2 1) reduce they sic clokcd cllipfte% and the rangec of %cceStibk cnctgy
to1 th1eurq0~Akwt ri~cd by Ko*'rt5 and l0uchaheuMv(or the gain is rcstrktcd to finite t-Alucx.

cw~c n U, Noihat In the limi A- 0, Eqi, (2 1) and In order to better understand the physscal meaning or
theIlt ni tr**wk% icas definedin Eq. (10) am exact /),. let uasconsider the time average of thet wave magnectic
Integral to the equation of moin (i.e., they are valid to all fiel
orders in the AMamplitudes). W3) (E? 2)(WT, I/El+1) (22)

IV. $E I4AMILTOIN POTENTIAL WELLS letrostatic waves arc charlicteg zed by small values of#,
We note that the Anrt term orF q. (21 b) does not dcpend and ofthe product V,.'./R. Thus, thczcroth-order trajector.

90 the wavelimplitude and is alwasi postive roirs if, . The Id~ asoiatcd with electrostatIc fields are open in it (p, qjla)
w do n O correpoods to acircularly prized wave with a phasc space. ror electromagnetic waves, jY, is large. in gen.

refractive Index 17 w 1. ir, In additiomi, r, 0, then this term tral. Hlowever. if the aingle orpropagatioo is small *nd irthe
it zero and we are in 1he case of unlimited acceleration. For refractive index Is such that I< 1 , then fl, - 1, and the
do yoandatiflarge values ofU, this frst term domitsover Ilamiltenian trajectories can also be open as is the case (or
al the others, and its contribution can be diminished by tak- circukmrly polarized waves with i, 1. If the angle ofpropaga.
Ing r., = 0 (i.e., part icics initially at resonace with the tion is. large. the allowable energy lain is limited c~cn for
wave). Thus V. cam be regarded as a potential well within V< 1 .
which Jlo msciatea runction ortimertic maximum value It is also instructivem: study the bechavoor of P, with
that It/can attain for a given r stine and field amnplitude respect ro/7.. We consider anly the ease of particles which
cmn b i.Wood by setting the potentials V' (U) = 0. At wave arc initially at rotl, i.e.. i,, -a i,, w 0. If erc - I and
Amplitudes and pirtopaton an~gles where thle width$ or p0. the potential Well becomes

I', (U) - (d U1/4)(U + Z,,d1 )2 i I X: - !1)/21( (1. - 11) [ . I(U) , F.,. ,V)J

- ~ 1(M) -i's, [G.() + F{(X, + 21)G. (uJ) t2/ 1()

rffml multiplying fl, in the right-hand and parallel polar. terrnori:,A. (23) istion.cro. sld tlhercfrnop~rttclescvin be
lzxation fields arc alaAys positive for anyfli, )40. Although t rapped, For k, -0 and n 1. thle right-hand polarization
thel/, te~ri in the left-hand component may be ncgitivc. Its ficld may accelerate cold pirticles.
contribution is small because thet orderotihte lksset run~ction
is higher. Therefore, we conclude that tile largr 0. .. th V. ELECTRON ACCELERATION IN THE IONOSPHERE
sualler file widths of potential wells. We consider an extraordinary made propagating in a

FinAlly, somic comment should be made regarding the cold plasmna at an atigle 0 with respect to B,~ The dispersion
dependence or v. on propagation angles. For initially cold relation is"~
particles with small tyrorad ii, all but the zeroth-ordcr Becssel
fuinciomi are very small. Since thle argumecnt or thle lkeasel VI I A/D, (24am)
rumtiisis leperpenticularconimneoiflic wave vector D -I Y 9/2 ( I X) I in iJI
k. immicafthe particle's gyroradius. increasing file propaga--{iY/(I Xj sn/J ) c o
tion ungke imcreases file value of the Bessel functions terms.
nmizus. rot all but file first- and zcrothi-order harmonics, file (24b)
rpotntial miay not trap low-cergy paticlcs unless thle prop- where X e4./, w 1 filte electron pl:a'.mna frqucitey,
agwetioii amigle is large. TheM behiavhir f the ptential for smiiilI Y- fl~ 1, and 11. z-eR,/ct.' The ectnc field comnponenlt
valuc.%oft, is as follows. Fork., -0 and Ini.o2, only the first ratios are given by
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E:, 0t HI e)X
E, I 'I,14 l-X-j. , 5b.

Combining Eqs. (23b) and (Iib) we find
-%0'h( - X)/(I -X- VIA, 20

whre 'j, 1 arc the x and - components of the refracove

The minitue of the tlectric ficld 11 is given as a rune.
lion of the power flow density 1I along k by solving for the
following equation: FlU I 11#01tiil111-n '"X$'nMikN f~r daferiAM rrqinspAl 309k 1 the

I tuimiili. , - And.i&# - I tL. 1(
Pu,~ ~ ~ ~ ~ ~ ~E 1 - 0,~- nj~i4L~l 1k 0U trakxid~ty t%. a !Jr4.i . a it irraoei% the u-tionhl$ Angk

where t,,. the group vclocity along k. is given by trajctories arc opln for all angles ofr prnpaqation, The net
cat rgy gain, s given by solving for the zcroA of 11. (U). ik

-. ,17h represented by the shaded regions as a functlon a( 0. We
-- . (2(D /ON conidcr the frtm two cyclotron harmooic reisoanc s anti

as1,tum that the particle is itnitiallyat rest. The first harmonic
resonance inicracts with cold particles through the contribu.

and D* m dD -. tlion or the right.hand polariyation field. The sccond bar-
In our numerical calculations we assume that monilc dots not inicract with cold electrons even for the far-

Si 1,80f, where (le m t,6 1Il is the electron cyclotron gtet 0. becausc 71, the refractive indcx, is very small
frequency in the Earth's magnetic field. The wave propa. (i,.0,25).Theenergy that aparticlecan gain from the firt
gates into a relon of increasing plasma density until it harmonic is very limited bcause the resonance condition is
reaches the cutol? point where k and v,, arc zero. At the for fron being satisfied (r, = 0.45) for , = -0 and AP2fl,.
reflection point we find the following. For the second harmonic r: = - 0.1, and the net energy

(i) The electron density is given by solving for gain can belargir. In Fig. 2, P =0.15 W/cm2, and the first
I -X= Y, which in our case is n -4 4.65,- 10' cm I and and second harmonics barcly overlap. In Fig. 3 whcre
corresponds to e ,/l - 1.22. P = 0.25 W/cm2. they fully overlap (doublshaded rc;on I

(ii) The clectromagnetic mode beconcs circularly po. for angles greater than 40. The second harmonic may trap
larizcd, i.e., !1 - 1, and -1 " 0. those electrons that have llrcidy gained some energy inter.

(iwl) The magnetic field is zero because k, the propaga. acting with the first harmonic, and boost them to still higher
lion vector, is zero. energies, In fact, since U , y" - I, we wee that the net anergy

(iv) The electric fel.d amplitude 11 is very large beadse gain can be as much s I150 keV.
ui ad0. In Fig. 4, we show the llamiltonian potential wclls as a

v) The resonance widths as obtzined solving for function of the normalized particle energy U. We represent
P. (U) = 0 are also large because /, is zero. the inverse or the function W.,

We conclude that electron acceleration should be most 14' (U) ?- - sgnC '(,, )log[ I. (U) I/(U +t. I )2J. (28)
efrective near the turning point. In the following calculations
we show that significant acceicration can indeed only t The plasma parameters arc those of Fig. 3, and we consider
place near the cutoff lhyer.

Figure I shows the zcroth.order I laniltonian trajector-
ieS for a lowplasma dcnsity (n = 3X 10 cni 3) zt different o 5 .. . . .
angles of propagation. These trajectories arc open (hyperbo.
lic) forG<Or 14'and closed (elliptical) for largcrangles.
In all cases the refractive index is smaller that., but close to,
unity (71=0.95). The ratio between the magnitudes of the u L 2z -

wave magnetic and electric fields is also close .o unity. For
a,,2fl, and for the power levels that are used in our calcula-
tions (P=,0.25 W/cm2), we find that the potentials arc pos,-
tive so that acceleration cannot take place. If the density is o
increased to 3.14 X 104 cm - ", we find that electrons can gain .10 . 412 ' cko. ' ab.
about 12 keV through the interaction with the t I bar- 0monlic. F IG. ae orallocd energy gaen (shauied regions) tar the rcImancemonic. hirihnrmoniiumnbcrsn; - 1.2.,as, function orw3VC propg310n angle to rii.In Figs. 2 and 3, the plasma density is 4.5X 10' cm " "tic field Tlc plasm a fequncy is such wii t ,poa! o xng1.2. r.ug.

which corresponds to w,/Il, = 1.2, and the Hamiltonian and the iotal poerfluxtsP-O.15W/cm2.

3700 Phys. Fluis. Vol 3.irio 12. Doecombe 1987 E. Villal6n and W. J. Burke 3700
93



o -

aU

F100, J, 1heM ism ig. . bhutwith P" &.O23 Whffl.
two different ageofppptn:(a) 8 as V0 and (b) 02O., 2(r. The magniudes ofihe potential wells, I V,, (U)j, are
Yerymmnll. For 0 n Vand n =2the maximum vuluecof 01

2 0.This is consstnt with the assumption that the 001 0

iods. In fact,by normnalizing time to fI- Iin Eqs. (2 1) we see -01
that I V. I (m/11)" must be much smaller than I if the changes
in energy occur over many gyropeods. 

.02In the theory preented in Sec. 111, we assume that the
magnitude of the wave magnetic field is mech smaller thain .03 A

tha:. of the background magnetic field B~, for increasing prop.
agation angles. This allows us to use the zeroth-order solu-
tians, Eqs. (9) And (10), in the perturbative analysis at large FIG. 4. Mitnllionian polmntmal %cdts 2%represented by the flunctioni I1W.
angles. In order to verify the validity of this approximation Ik Eq (2)l# a function ofruitick enctly for the plaum pararmers o(

ig. 3, and for two diffrnt angles or ptopagation: (a) 9 0. ~ W t b)
we htave calculated the following dimensionless quantities: e - ~r.

Aj"00 . a/fl~o
In the case or Fig. 4, we find that for e axo, Bl

No 7x 10- 2. B, 100 - 9x 10-4. 'and B5 ,IB, 1.3 X 10-'. (3) Resonance widths are larger for particles that ini-
For 0=20' these values are l.5XlO-1. 4X l02, and tially most closely satisfy the resonance condition. They in-
4X 10', respectively. The magnitude of the wave electric crease as 0 increases and decrease as 131 increases.
field as given by 11 (recall that near the cutoff' we have (4) The onset ofstochasticity occurs when the widths of

11=rland 13=0) is found to be closed to 0.14 for all Cases potentials for different harmonics overlap.
of Fig. 4. This analysis is limited to small field amplitudes in corn-

VI. ONCLSIONparison with the dc magnetic field Bo at large values of 0,
VI. ONCLSIONwhich is a good approximation for the calculations we have

In this paper, we have presented a theoretical analysis of presented on the acceleration of ionospheric electrons. It is
the energy gained by relativistic charged particles in oblique, valid to all orders in the field amplitudes for small values of
ly propagating electromagnetic waves. The main results of 0. We have shown that electrons can be accelerated by ex-
our analysis Are as follows. traordinary-mode waves which propagate into a plasma of

(lI) To lowcrorder in the field amplitudes, particles gain increasing density. At moderate power levels, acceleration
energy following certain trajectories in a (p, ,p,) phase occurs near the cutoff point for large angles. This is because
space. Because these trajectories are closed for large values of the following results.
of the magnetic field amplitude 113, and the propagation an- (5) The extraordinary mode becomes purely circularly
gle 0, the net energy is restricted to finite values. They are, polarized and its magnetic field is zero.
however, open for large vaitues of IBI and small values of 0 if (6) The electric field amplitude is largest at thc turning
the refractive index il is smaller or equal to 1. For sufficiently point.
small values of IBI they are always open. (7) The resonance widths are also larger.

(2) For a given harmonic resonance, the range of the (8) The first and second cyclotron harmonic reson-
allowed particle energies is obtained by solving for the zeros ances overlap for large propagation angles.
of the Hlamiltonian potentials Y.The resonance widths are Depending on the location in the plasma where one
always finite except for the case of circularly polarized waves wishes to accelerate electrons, the wave frequency should be
with il = I and for particles that are initially in resonance chosen so that the cutoff' point falls within that region. For
with the n = I harmonic. continuous acceleration over large regions of the plasma, a
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broad spectn~m of waves should be considered. As the rcmi- Id
nac wdhs overlap.'4 the elceironis may gin coisidcrabkl liL(0

eniergy for different frequencies and harmionies. I Inwevrr n, A.. b1, + H i
near the turning point the electric fields are so lrvgc that 4 0
other nonlinear effects may also be important, and may ar-
fect both the acceleration and propagation processes. In ad- q. £(El E.) (a 1II1 1I,,'k. I (A)
diton. linear mode conversion into electrostatic waves" or
large refractive indices can sM be very relevant and nim, Itlay~Jf~l ~ (5
enhance the, acceleration process by allowing initially cold 4
particles to be picked up by th( second. or higher-ordcr har.
monics. Questions related to the propagation of large-arnpli. where
tudet waves in the ionosphere and the consequent heating or F F E
plasma electrons deserve further uattention. a1 I 0-- ,- dhd,

N Wi N0 (1)

EquatIion (A 5) ca n be i ntIegra ted once over Iiti front ()1
to 1. 1,he left-hand ld Ix-bcomeis 11 I'll/ III). 1'he
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Some Consequences of Intense Electromagnetic Wave Injection

into Space Plasmas

By

William J. Burke 1 , Elena Villalon2 , Paul L. Rothwell !,

and Mchael Silevitch2

I Introduction

The past decade has been marked by an increasing interest in performing
active experiments in space. These experiments Involve the artificial Injec-
ions of beams, chemicals, or waves Into the space environment. Properly
diagnosed, these experiments can be used to validate our understanding of
plasma processes, in the absence of wall effects. Sometimes they even
lead to practical results. For example, the plasma-beam device on SCATHA beccve
the prototype of an automatic device now available for controzling spacecraft
charging at geostatlonary orbit.

In this paper we discuss the future possibility of actively testing our
current understanding of how energetic particles may be accelerated in space
or dumped from the radiation belts using intense electrotuagnetic energy £frou
--ound based antennas. The ground source of radiation Is merely a convenience.

,,ace station source for radiation that does not have to pass through the
.. osphere and lower ionosphere, is an attractive alternative, The text is

divided into two main sections addressing the possibilities of (1) accelerat-
ing electrons to fill selected flux tubes above the Kennel-Putscheck limit
for stably trapped fluxes and (2) using an Alfven maser to cause rapid deple-
tion of energetic protons or electrons from the radiation belts. Particle
acceleration by electrostatic waves have received a great deal of
attention over the last few years (Wong ect al., 1981; Katsouleas and
Dawson, 1983). However, much less is known about acceleration using
electromagnetic waves. Tile work described herein is still in evolution.
We only justify its presentation at thir symposium based on the novelty of
the Ideas in the context of space plasma physics and the excitement they have
generated among several groups as major new directions for research in
the remaining years of this century.

1. Air Force Geophysics L-boracory, Hanscom AFJJ, MA 01731

2. Center for Electromagnetic Research,
Northeastern University, Boston, A 02115
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11 Electron Acceleration by Electromapnetic"taves

One of the first things we were mistaught in under graduate physIcs is that
electromagnetic (em) waves can't accelerate charged partLcles. If the particle
gains energy in the first half cycle, it loses it In the second holf. Teachers
are, of course, clever people who want graduate students. So they hold off discus-
sing gy)'oresonance, in whfch case, all bets are off. The ret;ona'ce condition Is:

(I) w - kz v.. - n 0 / Y - 0

Here w is the frequency of the driving wave, k. the component of the wave vector
along the zero order magnetic field Ho a Ba , ;z the particle's componenL of
velocity along B and n is an integer representing an harmonic of tile gyro-
frequency 0 o q B,/m, y is the relativistic correction (1 - v2/c2

q is the charge, and m the rest mass of the electron.

Before going into a detailed mathematical analysis it is obvious that. there
are going to be problems accelerating cold Ionospheric electrons to high energies.
Higher than first gyrohamonics will have Bessel function Multipliers where the
argument of the Bessel function is the perpendicular component of the wave
vector and the gyroradius. For cold electrons wilth small gyroradil, all but the
zero index Bessel function terms will be :mall. The second concern cal be
understood by considering the Motion of a charged particle in a circularly
polarized wave. Roberts and Buchsbaur., (1964) have shown that with an electron
in gyroresonance accordit:g to eq.(I) and v L initially antipnrallel. to t.e wave
electric field E and perpundicular to the wave magnetic field 11, twO effiects
combine to drive It away from resonance. As the electric field accelerate:; the
electron, y increases, changing the gyrofrequency. The magnetic component of
the wave changes v. and thus, the Doppler shift ten. It is only in the case of
the index of refraction n a ck/ w I tha.L unrestricted acceleration occurs.
In all ocher cases the electron goes through cycles gaining and losing kiiwetic
energy.

Recently, the SAIC group (Menyuk et al. 1986) has devised a conceptually
simple way to understand acceleration by em waves as a stochastic process.
In terms of the relativistic momenta Pz and p I , eq.(l) cal be rewritten as

2
p2  ( 112  ) pz + 2 n z Pzmc (n f 0

/  ) + ( (n A o/ w )2._ I) Mc21d.

Depending on the phase velocity of the waves, equation (2) represents a family
of ellipses ( n z ckz/ w <1), hyperbolae ( n z >1) and parabolac
( n z = 1) in a p ± , pz phase space. The zero order Hamiltonian can also be
written in the form

(2) Ha/mc 2  [ I + (pz/mc) 2 + (p ± /mc) 2 ] 1/2 _ (pz/mc) ( w /ckz)
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Thus, in p ± , Pz space constant Hamiltwnian surfaces represent familles ofhyperbolae ( n z < I) ellipses ( n z > 1) and parabolac ( n z 1 1).Hamiltonian surfaces have o,'en topologies for Indices of refraction n z < .The case Ii - I in which resonance and Hai ltonian surfaces are overlyingparabolae Is that of unlimited acceleration studied by Roberts and Buschbaum
(1964)."

In the case of mall aplltude waves the intersections of resonance andHamiltonian surfaces in p I , p. space are very sharp. As the aMplitudes ofthe waves grow so too do the widths of resonance. For sufficiently largeamplitudes, resonance widths may extend down to low kinetic energies allowingcold electrons to be stochastically accele-ated to relativistic energies.

It should be pointed out that although tf.'s rzdel heuristically explainsthe main conceptual rcasons for stochastic acL,e,%...ttn t,) occur, its validityextends only to snall angles 6 between k and Hjo. At larile angles, It isnot clear that the :ero-order hamiltonian topologie de;;erlbud above will still
hold.

Over the past several months we have developed a rigorous extensiur,of the analytical model of Roberts and Buchsbaum by lettingL - kX V-+ kz zassume an arbitrary angle to o. We begin with the Lorentz equation.

(3) . q[ E+v x ( + B))
dt

The relativistic momentwo and Hamiltonian are given by y - y v and11 - OC2 Y, respectively. The magnetic field of the wave B3 is rZ-lated to Lheelectric E through Maxwell's equation H - (c/w )k x E. flite time rate of char, geof the Haiuiltonian is

(4) l-q v . qc

If we define Ex EI cos, E y E2 sin 0 and E, -E 3 cos 0 , wherea k-x x + kz z Wa t then equation (4) may be rewritten lit the forin

(5) HH .qLPx cos -qa py sin F Pz coscz W W W

The Lorentz force equation can also be rewritLen as
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(6) px +pv [ _qE- kj., sin* j . (w - Yz) cos~
m Y U W

mY U U

(8) Pz - K, + E, .(px+n py). U
U EI

where Kz I kz (0 + E3kx/Elkz). Equations (5-8) are exact. Our first simplifi-
cation is to assume E2 k,/ w - Hz << BoJ, then eqs. (6-8) may be combined
to give

(9) 4H1, (Ej E2) [ J Q'cos( + -a '+ 4 ') dL' +
U 0

+ ft R'cos ( a + - a '- 4 ')dL' - 2p j sin ( o + 4. + a ) ]
0

+ q (EI-E 2 ) It Q' cos ( - a + 0 '- 4 ') dt'
U 0

+ J R' cos( 4 - a + 4 '+a ') dt'+ 2p j sin ( 4 - o - a ) ]
0

- a E3  4 ( Pzo +-Vi (11-lo) ) Cos
W W

- -1  Q' ) [ cos( 4 + 0 ') + cos( -4 ]dr'
El o

where a (t) - f S) (t') dt', tan a - - ( Pxo/Pyo )
0

(the subscript o refers to the initial conditions at t 0), and

Q wE ( w -KYz) - R, W U-k,;)

R - IE ( u- Kz;) + qE ( w-kzz)
W U

Primed and unprimed quantities are evaluated at times t' and t, respectively.
We note that accelarations represented in Eq. (9) are related to terms multiplying
electric fields in right-hand (El + E2 ), left-hand (El - E2 ) and parallel E3 modes.
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Our next simplification is to substitute for x and z in eq.(9) the zero
order solutions (in the electric field amplitude) of eqs. (6-8). That is, we
take x - p cos( 0 + a ) where P - v j / n is the electron gyroradius and

(10) pz [ pzo + iL (H -o) 11 •
% W

We note that eq.(O) reduces to eq.(2) by taking X. kz, which Io only valid
for small angles between k and B . In fact, Figure I shows that Hamiltonians
with open (hyperbolic or parabolic) topologies in Pz, p I space at =all
angles between k and I,, become closed (elliptical) as the angle Increase.,
The practicdl iplcatLion is that cases of potentially infinite accelaration
with k a k. become restricted to finite values at other direction of wave
propagation.

By taking x - p cos( o + a ) and expanding terms with sin kxx and
cos kxx in series of Sessel functions, eq. (9) becomes

(11) 4H - I Tn
c-"W- n

' (El + F2 ) Jn-l (kx p) { J. Q'J' cos(n e + m 6 ,+ +
n 0 t I

+ R'J',. 1 cos(n 6 - m 6 '+ a,- i ') ] d.' + 2p I cos (n 0 + T ) }

+ _ (E-E) Jn+1 (kxp ) L , Q'J' cos(n 0 - m 6 '+ -
W U 0 rj+1

+ R'J'm_! cos(n 0 + m 0 '+ , + j ') I dr' + 2p 1 cos (n 0+ , ) +

-- a Jn1(kx ) p 4 ( pzo + K. (11-11)) COS, 01o+ )

-. 4 ). j t , +1)J, I cos(n 0 + m 0 '+ 1 + '

+ cos(n 0 - m e ' + W- ') ] dL' }

where e = J 1 fl (t') dW' + a + % /2, J' B J (kx p '), (V , m +)
0 v V

and .. kz z - W to.
After averaging over the fast (gyroperiod) tine dependencies and a good deal

of tedious algebra, we obtain that, for each n, the particle energy obeys the
following differential equation:

(12) (U + 1)2 (L du ) 2 + V nU)- 0
wdL

where U - (H-Ho)/Ho and
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2
VII (U) - d L U2 ( U + 2 rn/d I ) 2 _ * (o)sin + n d, U ( U + 2rn/d1 )

4

+ E 2 E 2dl- t lhI) ( n+I (U) + r.n, l(O)

2
+( r 2d2- E Ihi) 'n+I (U)

- _ ,  f E r jhl + r 2dl) ( Gn-i(U) + F1.-(U) )
2

+ ( h2 + r 2d2) FnI(U) )
V". 2

3 { h1  Cn(U) + F,1(U) ) + h2F,(U) }-(4tO)cos +,)

where I i - (q E1 / w ) c/110 (i-1,2,3), d! -i - KxkzC 2/ W 2

d2 - Kkzc2/ W 2 , h1 W I + Kz/k z (dI - 1)

rn I- kzzo/w - n (1 / , h2 iKz/kz d2

(0). v o/2c [-( I + E 2) Jn-! (kx p o) + (  2)

Jn+! (kx p o) 1 + Vzo/C £ 3 Jn (kx P o),

+ n - n + kzz o
2

and G v (U) J [ kx p (U') U- dU'
0

F v (U) J J v [ kx p (U') ] dU', ( v - n, n + 1).
0

Eq.(12) is in the form of the equations of a harmonic oscillaLor. Under the
limit 0 - 0, Eq. (12) becomes the equation derived by Robert and Buchsbaum
(1964). The limits of the partLicles excursion in energy for a given resonance
n and electric field £ can be found by setting the potentials Vn (U) - 0. At
wave amplicudes where the range of potentials for different harmonics overlap,
we have Ehe onset of stochasticicy.

At the present time we have just begun to explore the numerical solutLions of
equation (12). In Figure 2, we show some ef our preliminary results. We assume
that w pe/ A o - 0.3, the electric field amplitude is such that El - 0.1, and the
wave frequency Is w - 1.8 fl o. We consider only the second cyclotron harmonic
since this is the closest to satisfying Lhe resonance condition, eq.(1), for
initially cold electrons. The components of the wave electric field and the
refractive index n are calculated from the cold plasma dispersion relation for
electromagnetic waves at any arbitrary angle e to Bo . It turns out that n is
always smaller than, but very close to I ri 0.97). The maximum allowed
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energy gain, as given by the zero order lfamllconlan topologies, Is represented
by the solid lines . The shaded region represents the actual energy gain as
obtained by requiring V n (U) < 0. We See Chat for 0 N 350, Initially cold
electrons can be accelerated to very high energies. In fact, for cold
electrons we find that U w y - I and that thd jarticla can gain nz; muth . 2.5
Mov. AW 0 aecreases taore initial kinetic energy is required for any
acceleration to take place. For large 0 , th, elliptical hamIltonin
topologies severely restrict the energy gain.

III The Alfven Maser

Active control of energetic particle fluxes In the radiation belts hUs
ma&ntained a continuing interest in both the United States and the Soviet Union.
Electron dumping experinents concluded by the Stanford University nnd Lockhead
groups using VLF transvissions are well kno.o (ltn.in CL 41. 1982, 14hof ec al.
1983). Perhaps less known is a theoretical paper by Trakcht-ogertS (1983)
entitled "Alfven Haers" In which he proposes a theoretical scheme for dumping:
both electrons and protons from the belts. The basic idea Is to use RF energy
to heat the ionosphere aL the foot of a flux tuba to raise the height integrated
conductivity. The conductivity Is then modulated at VLF or ELF frequenclea
which modulates the reflection of Waves that cause pitch angle diffusion in the
equatorial plane. The artifically enhanced conductivity of the ionosphere thus
maintains high w4va ennrgy densities In the associated flux tube, thereby,
producing a tasing effect.

In addition to external ionospheric perturbations particle precipitation
also raises Ionospheric conductivity. The masing of the VLF waves caus's
further precipitation which, in principle, results in an explosive instability.
The purpose of this section is to establish the basic equations and to present
the results of a preliminary computer simulation..

The fundamental equations derived by Trakhtengerts (1983) are based on
quasilinear.theory and relate only, to the weak diffuion regime. It Is useful
to use similar set of equations derived by Schulz (1974) based on phenomeno-
logical arguments that includes' strong pitch angle diffusion. The key variables
are N, the number of trapped particles per unit area on a flux tube and c the
wave intensity averaged over the flux tube. In this We asSuMe that c IN
directly proportioned to the pitch angle diffusion coefficient. The time rate
of change for N is

(13) dN -A c N + S.
WE -+c t

where the first temr represent losses due to pitch angle scattering with A a
constant and S accounts for represents particle source terms in the magneto-
spheric equatorial plane. r is a parameter that characterizes lifetimes
against strong pitch angle diffusion. The time rate of change of c Is given by

114) d c - ( 2 y *N/N* ) c + P In R + W
dt I + CT LRe
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The first term represents wave growth near the equatorial planet, the second term
gives the wave losses In and through the ionosphere and the third accounts for any
wave energy sources. The terms 'Y 0 and NO are used to denote the veak diffusion
growth rate and column density of a flux tube at the Kennel and Petschek (1966)
limit ior stably trapped particles. In the second term, v /LKe approximates
bounce frequency of waves jhere v Is the group velocity of the wave Le the
approximate length of a flux tube; R Is the reflection coefficient of the ionos-
phere. Since R < I the second term Is always negative, The (I + c -r ) term
empirically lovers growth rate due to the pitch rngla distribution becoming more
Isotropic under strong diffusion conditions.

In our present *study we have examined numerical solutions of eqtiations
(13) and (14) using non-equilibrium Initial conditions. The first case is
represented by Figure 3 in uhJch we started initial wave energy densities
which are a factor of 3 (top panel) and 0.1 (bottom panel) above the Kennel-
Peacb&k limit. In both cases we Ignored associated enhancements in ionos.-
phterlc coupling that lead to increased reflectivity. We see that the wave
energy density quickly damps to the Kennel-Petschek equilibrium represented
by the solid line.

In the second level of simulation the wave energy den qty is initially Set
at a factor of three above the Kennel-Petschek equilibru value but includes
a coupling factor to the ionosphere C . We find that for values of C I 10Z

the oscillations become spike-Itke. The top panel of Figure 4 represents thle
normalized wave energy density for 4 - 10% after the waves have evolved into
periodic spikes. The middle and botcom panels of Figura 4 represent the nor-
malized energetic particle density (cm- 2 ) cona.ined on a flux tube and the
normalized height Integrated density of the ionosphere. Attention is directed
to the phase relationship between the maxims of the three curves. The mwi-
mum, energetic pnrticle flux leads the wave term and goes through the Kennel-
Petschek value as the wave growth changes from positive to negative.

Z 4''
3 '. NONLINEAR T = 86 7s

- KENNEL-
LINEAR PETSCHEK

EOLULIBRIUM

-0.1 ,

Z 0 200 400 600 800 0O 1200
TIME (Sec)

Fig. 3. Exanple of wave energy densities initially SeL at factors
of 3.0 and 0.1 above Kennel Petschek equilibrium value.
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Fig. 5. Simulated, mormaIized wave energy density with magnetsphdre-
ionosphere coupling. A VLF source is turned on at t - 650s.
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The maximum ionospheric effect occurs after the wave spike maximum. Our phys-
ical Interpretation of Figure 4 Is as follows. A spike In the wave energy
density causes a depletion of electrons vrapped in the belLs to levels Wull
below the Kennel-Petschek limit. The subsequent drop of precipitating electron
flux alloUs the Ionospheric conductivi.y to decrease. Thus, VLF waves are iss
strongly reflected back into the magnetosphere. This effectively raises the
Kennel-Petschek limit as higher particle fluxes arc tscessary to offset in-
creased ionospheric VLF absorbtlon. In the presence of equatorial sources of
particles, the similations show flux levels building to 1.15 times the Kennel-
Petschek limit. The enhanced fluxes in the magnetosphere, even with weak pitch
angle diffusion, &Ilows the ionospheric conductivity to rise, eventually leading
to another masing spke,

Figure (5) shows the effeL. of an external VLF signal. The first few spikes
result from the NNsIng eff ctL of the ionosphere due to particle precipitation
At t - 650 seconds a VLi" square wave source Is turned on with a 50 second dura-
tion. The spikes now are =.,dula&td at the driving frequency at a reduced ampli-
tude. The mplitude is reduced since the fluxes are mort frequently dumped
with the VLF signal present than in its absence.

Iversen e. al. (1984) using simultaneous ground and satellite measurements,
have recently observed the modulation of precipitating electron at pulsation
frequencies. In tuarms of our simulations these would be close to the siLuation
shown in Figure 4 in which natural masirng occurs in a flux tube. The observed
frequencies are consistent with those expected from the linear theory. Detailed
comparison with experimental data necessitates knowing the efficiency with which
VLF waves reach the ionosphere.

IV Conclusion

Although the work presented in this paper is still in a very preliminary
stage of development it ab-,ears that sJ'nificant space effects can be produced
by the injection of Inteuse electromagnetic waves Into ionospheric plasmas.
In the coming months we expect that as calculations mature we will grow in the
ability to translate mAthematLical representation into physical understanding.
If the results of our analyses live up to L-.rly promise then a series of ground-
based wave emission experiments will be developed to measure injection effects
in space. The upcoming EC1O-7 experiment present.s a well instrumented target of
opportunfity for electron acceleration experiments with the IIIPsS systeM. After
the launch of the CRRES satellite It. will be possible to make simultaneous in
situ measurements of wave and particle fluxes in artificially excited Alfven
Masers. Looking forward to the 1990's it appears that WISP experiment planned
for the Space Station wiill make an ideal source for both electron acceleration
and radiation belt depletion experiments. Recently a Soviet experiment measured
electrons accelerated to kilovolt energies using a low power telemetry System
(Habaev et al., 1983). Just imagine what could be done with the specifically
designed, high power WISP
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